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Exosomes from normal cartilage endplate stem
cells ameliorate intervertebral disc degeneration
more effectively than exosomes from degenerated
cartilage endplate stem cell by activating the
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Abstract

Background
Nucleus pulposus cells (NPCs) apoptosis is an important factor in exacerbating intervertebral disc
degeneration (IVDD) that can be effectively suppressed by exosomes. The aim of this study was to
reaearch whether normal cartilage endplate stem cells (CESCs) derived exosomes (N-Exos) were more
conducive to activation of autophagy and inhibition of NPCs apoptosis and IVDD than degenerated
CESCs derived exosomes (D-Exos) or not.

Methods
Rat CESCs were isolated and identi�ed, and the exosomes produced by normal CESCs and degenerated
CESCs were extracted. The bioinformatics differences between normal CESCs derived exosomes (N-Exos)
and degenerated CESCs derived exosome (D-Exos) were analyzed by mass spectrometry, heat map and
KEGG enrichment analysis biology. The effects of N-Exos and D-Exos on the inhibition of NPCs apoptosis
were examined by TUNEL staining, �ow cytometry and western blotting. The involvement of the AKT and
autophagy signaling pathways was investigated using the signaling inhibitor LY294002. Magnetic
resonance imaging, western blotting and immuno�uorescence staining were used to evaluate the
therapeutic effects of N-Exos in vivo.

Results
CESCs in the cartilage endplate (CEP) could secrete a large amount of exosomes. N-Exos were more
conducive to activation of autophagy than D-Exos. The apoptotic rate of NPCs was decreased obviously
after treatment with N-Exos than after D-Exos treatment. N-Exos inhibited NPCs apoptosis or attenuated
IVDD in a rat tail model by activating the AKT and autophagy signaling pathways.

Conclusions
It was the �rst to con�rm that CEP could delay the progression of IVDD through exosomes secreted by
normal CESCs. The therapeutic effects of N-Exos on inhibiting NPCs apoptosis and slowing IVDD
progression was more effective than D-Exos by activating the PI3K/AKT/autophagy pathway, which
explained the reason that the incidence of IVDD was increased after in�ammation of the CEP.

Background
Intervertebral disc degeneration (IVDD) is a common cause of lower back pain, limits activity[1] and is
usually characterized by upregulation of matrix metalloproteinase (MMP) and proin�ammatory cytokine
expression, a reduction in the number of functional nucleus pulposus cells (NPCs) and anatomical and
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morphological changes[2, 3]. The important mechanism by which IVDD occurs is through not only a
reduction in the nutrient supply from cartilage endplates (CEP) to the inner layer of the annulus �brosus
and NPCs[4] but also weakened CEP-mediated regulation of IVDD-associated anabolism and
catabolism[5], leading to NPCs senescence and apoptosis.

The CEP is a hyaline cartilage located on the upper and lower sides of the intervertebral disc. Previous
studies showed that there were a large number of progenitor cells that differentiated into osteoblasts,
adipocytes and chondrocytes in human CEP tissues, and these progenitor cells were de�ned as cartilage
endplate stem cells (CESCs)[6]. It has been demonstrated that CESCs perform powerful functions in
inhibiting IVDD by promoting NPCs regeneration and regulating the homeostasis of the intervertebral
disc[7–9]. However, the detailed mechanism remains unclear. In animal experiments, mesenchymal stem
cells (MSCs) or adipose stem cells showed great potential in treating IVDD by secreting exosomes. For
example, exosomes from MSCs could modulate endoplasmic reticulum stress and ameliorate IVDD in
vivo[10]. Considering that CESCs shared some MSC-like characteristics, we hypothesized that CESCs
might also secrete exosomes to regulate the homeostasis of the microenvironment and inhibit the
progression of IVDD. And studies had shown that after in�ammation and degeneration of CEP, IVDD was
more likely to occur, but the mechanisms are unclear. Therefore, we also performed mass spectrometry
analysis and bioinformatics analysis on normal CESCs derived exosomes (N-Exos) and degenerated
CESCs derived exosomes (D-Exos) to elucidate the reason why the incidence of IVDD was increased after
in�ammation of the CEP and the mechanism of cartilage endplate inhibiting IVDD.

Exosomes are extracellular vesicles with diameters of 30–150 nm. After being released from cells, such
as liver cells, MSCs, and tumor cells, exosomes transport membrane components, proteins, microRNAs
and mRNAs into the intracellular environment upon fusion with the cytoplasmic membrane[11, 12] and
then exert therapeutic effects on liver ischemia-reperfusion injury and degenerative diseases through cell-
to-cell communication, cell signaling and metabolism modulation[13–15]. Researches showed that
in�ammation and degeneration of CEP could accelerate IVDD, but IVDD are thought to be repaired via
conversion normal CESCs into NPCs or by strengthening the nutrient supply of intervertebral discs via
normal CEP[5, 16]. Moreover, until now it is unclear whether normal CESCs can secrete exosomes and
what role secreted exosomes play in IVDD. Studies have shown that transplantation of exosomes
secreted by MSCs into intervertebral discs could ameliorate IVDD by promoting proliferation and
differentiation and inhibiting apoptosis of NPCs[17, 18]. Therefore, we mainly investigated whether
exosomes secreted by CESCs (CESC-Exos) had a therapeutic effect on IVDD and the speci�c regulatory
mechanism of the therapeutic effect. Recent research showed that macrophage-derived exosomes could
activate autophagy during osteogenic differentiation and bone regeneration[19]. Additionally, human
umbilical cord MSC-derived exosomes could exert antiapoptotic effects by activating the autophagy-
related signaling pathway phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR[20]. Therefore, we
hypothesized that N-Exos might be more effective in inhibiting NPCs apoptosis and ameliorating IVDD by
activating intracellular autophagy pathways than D-Exos.
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Autophagy, an essential intracellular catabolic process, contributes to intracellular quality control and
maintains cell survival by degrading and recycling damaged components and toxic proteins and
organelles under in�ammatory, nutrient deprivation and stress conditions[21–23]. Autophagy can inhibit
the expression of senescence-associated secretory phenotype (SASP) proteins or degrade apoptotic
proteins to regulate the progression of various diseases, such as cancer[24], neurodegenerative diseases
and osteoarthritis[25, 26]. For example, studies associated with neuronal aging showed that neuronal
cells exhibited signi�cant SASPs after inhibition of autophagy to degrade GATA4. In IVDD, enhancing
autophagy by activating the PI3K/p-AKT signaling pathway can signi�cantly reduce the expression level
of SASP proteins, such as IL-6, IL-1β and TNFα, and inhibit aging and apoptosis[27, 28]. Moreover, it has
been showed that exosomes derived from MSCs promote autophagy and inhibit apoptosis[19, 20].
Therefore, we hypothesized that N-Exos might also inhibit NPCs apoptosis by activating the
PI3K/AKT/autophagy signaling pathway.

In this study, we analyzed the differences in bioinformatics between N-Exos and D-Exos and investigated
the inhibitory effect of N-Exos on IVDD. We showed for the �rst time that normal CESCs could secrete a
large number of exosomes and inhibit NPCs apoptosis in vitro and in vivo. Mechanistic experiments
showed that N-Exos could activate effectively the PI3K/p-AKT/autophagy signaling pathway and inhibit
NPCs apoptosis and IVDD compared to D-Exos. Our study offers new insights into IVDD treatment
strategies using N-Exos as a therapeutic tool.

Materials And Methods
Reagents and antibodies

The AKT inhibitor (LY294002) was obtained from Beyotime (Shanghai, China). Antibodies against
Caspase3, Bax, Bcl-2, Beclin-1, GAPDH, p-ERK1/2, p-AKT, Tsg101 and Alix were purchased from
Proteintech (Wuhan, China). Antibodies against AKT, ERK1/2, JNK/p-JNK and NFκB/p-NFκB were
obtained from Abcam (Cambridge, MA, USA). Antibodies against LC3A/B were purchased from KleanAB
(Shanghai, China). Antibodies against LC3B were purchased from Bioss (Beijing, China). Collagenase II
was purchased from Sangon Biotech (Shanghai, China). Tert-butyl hydroperoxide (TBHP) and PKH67
were obtained from Sigma (St. Louis, MO, USA). 1,1’-Dioctadecyl-3,3,3’,3‘-tetramethylindotricarbocyanine
iodide (DIR) was obtained from Invitrogen (Carlsbad, CA, USA). MSC osteogenic differentiation medium,
chondrogenic differentiation medium and adipogenic differentiation medium were provided by Cyagen
(Guangzhou, China).

Rat IVDD model and reagent treatment

Male SD rats (n = 40) were obtained from the Experimental Animal Center of the Army Military Medical
University (ChongQing, China). A total of 32 adult male rats (12 weeks old) were used for the in vivo
experiment and were equally divided into 4 groups of 8 rats: control group, LY294002 (20 µmol) group,
exosome (40 µg) group, and LY294002 (20 µmol) + exosome (40 µg) group. At the third week after the
operation, the NP tissue was extracted from the treatment site of 5 rats in each group for western blotting.
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At the sixth week after the operation, we performed magnetic resonance imaging (MRI) and
immuno�uorescence staining of the treatment sites of the remaining 3 rats in each group. A total of 8
young male rats (aged 3-4 weeks) were used for isolation and extraction of CESCs and NPCs. After the
rats were anesthetized with 5% chloral hydrate, the caudal discs (C5/6, C6/7 and C7/8) were randomly
transversely injected with 20 µmol of LY294002 or 40 µg of exosomes in each site in the experimental
group every week for 6 weeks. Animal use and experimental procedures met the requirements of the
Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health and were
approved by the Animal Care and Use Committee of the Army Medical University.

CESCs and NPCs isolation and characterization

Ten young rats were obtained and killed by cervical dislocation after anesthetization. Six to eight
segments of caudal vertebrae NP tissue were obtained from the caudal root with a surgical tip blade. The
skin was removed from the rat tails, and the tails were then sterilized by iodine immersion. The �ber ring
of the intervertebral disc was cut with a surgical blade to obtain a normal rat intervertebral disc. The NP
tissues and CEP tissues were cut into 1 mm3 pieces and placed in a cell culture �ask. Next, 4 ml of 0.2%
collagenase type 2 was added, and the tissues were gently shaken and digested at 37°C for 1-2 hours and
�ltered through a 70 μm �lter. After the cells were centrifuged and the supernatant was removed, rat NPCs
were collected, seeded in cell culture �asks and cultured in DMEM F12 medium containing 20% fetal
bovine serum at 5% CO2 and 37°C.

Osteogenic, adipogenic and chondrogenic differentiation

CESCs were cultured in 6-well plates for osteogenic differentiation. The osteogenic differentiation
medium (MUBMX-90021, Cyagen Biosciences, Guangzhou, China) was changed every 3 days for a total
of 2-3 weeks. The cells were washed twice with PBS, �xed with 2 ml of 4% neutral formaldehyde solution
for 20 minutes at room temperature and stained with 1% Alizarin Red S solution for 30 minutes, and
osteogenesis was evaluated under a microscope (Olympus, Japan). CESCs were cultured in 6-well plates
for adipogenic differentiation. The adipogenic differentiation medium was replaced every 3 days, the
cells were then cultured with medium B (MUBMX-90031, Cyagen) for 1 day, and this cycle was repeated
for a total of 3 weeks. The cells were washed twice with PBS, �xed with 2 ml of 4% neutral formaldehyde
solution for 20 minutes and stained with Oil Red O working solution for 30 minutes, and adipogenesis
was evaluated under a microscope. For chondrogenic differentiation, CESCs were centrifuged, incubated
in a centrifuge tube at 37°C in 5% CO2 for 24-48 hours and then incubated in chondrogenic differentiation
medium (MUCMX-9004, Cyagen) for 21 days. To estimate chondrogenesis, the chondri�ed micromass
was �xed with 4% formaldehyde, embedded in para�n, sliced at a thickness of 4 μm, and then stained
with Alcian blue for observation under a microscope.

Exosome isolation and characterization

Third- to �fth-generation CESCs in good condition were selected to extract exosomes. After the cells
reached 80% con�uence, the culture supernatant was collected 3 days later to extract normal CESCs
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derived exosomes or the culture supernatant of CESCs treated with 80umol/ml TBHP was collected 3
days later to extract degenerated CESCs derived exosomes. The supernatant was centrifuged at 2 000 × g
for 10 minutes at 4°C to remove cell debris and was then centrifuged at 110 000 × g for 70 minutes at 4°C
to isolate the exosomes. The supernatant was carefully removed, and the exosome pellet was
resuspended by repeatedly pipetting with 1 ml of PBS. Then, a 0.22 μm �lter membrane was used for
�lter sterilization. The sample was centrifuged again at 110 000 × g for 70 minutes and washed once,
and the exosome pellet was collected in 200 µl of PBS. Five microliters of PKH67 or DIR was added to
500 µl of diluent to form the reaction liquid, and 100 µl of exosomes was added to the reaction liquid.
After 10 minutes, 5% BSA was added to stop the reaction, and then exosomes labeled with different
membrane dyes were obtained. The size and concentration of exosomes were measured by nanoparticle
tracking analysis (NTA) (Wayen Biotechnologies, Shanghai). Exosome morphology was examined by
electron microscopy, and the purity and characteristics were analyzed by western blot (WB) analysis
based on the expression of exosome markers (Tsg101 and Alix).

Transmission electron microscopy (TEM)

The cells were separated by trypsin digestion and �xed with 2% glutaraldehyde at 4°C for 2 days. Then,
the samples were treated with 1% osmate for 30 minutes. Next, 50%, 70%, 80% and 100% ethanol
gradient dehydration was performed. After the samples were soaked in a 100% acetone/Epon 812 (Shell
Chemical Co, Houston, TX) solution, ultrathin sections (60 nm) were prepared, stained with 5% uranium
acetate for 30-60 minutes, washed twice with double-distilled water, and stained with lead citrate for 10
minutes. The samples were washed three times with double-distilled water and observed under a Tecnai-
10 transmission electron microscope (Philips, Amsterdam, Netherlands).

Western blotting

After the cells were lysed in RIPA buffer containing the protease inhibitor PMSF, the protein concentration
was determined, and 4 × Laemmli sample buffer (Catalog: 161074, BIO-RAD) was added to the sample.
Electrophoresis was performed at 150 V with 4-20% gradient gels. Semidry transfer electrophoresis was
performed for 7 minutes at 2.5 V. After the membrane was sealed, the antibody was added to detect the
target protein, and the membrane was incubated at 4°C with shaking overnight. The membrane was
washed with PBS, diluted second antibody was added and incubated for 1.5 hours, and the membrane
was washed again. The ECL working solution (Millipore, MO, USA) was prepared by mixing solutions A
and B at a ratio of 1:1. The membrane surface was covered with working solution, placed in the imaging
system (Bio-Rad, USA), and pictures were taken.

TUNEL staining

The apoptosis-related TUNEL staining kit (Beyotime, Shanghai, China) was used to detect the level of
apoptosis according to the protocol. The level of apoptosis was indicated by red staining in the nucleus.
Different areas of the sample were randomly selected and captured under a �uorescence microscope
(Olympus, Tokyo, Japan) to count the number of TUNEL-positive cells.
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Immuno�uorescence staining

When the NPCs reached 60% con�uence, the cells were washed with PBS 2-3 times. Then, a 0.3%
hydrogen peroxide/formaldehyde solution was added, and the cells were incubated for 10 minutes at
room temperature, permeabilized with 0.2% Triton for 5 minutes, and blocked with 5% BSA for 60
minutes. After the speci�c primary antibody was added, the samples were incubated at 4°C overnight.
The specimens were washed with PBS 3 times and incubated with the �uorescently labeled secondary
antibody at 37°C for 60 minutes. After the nuclei were stained with DAPI, images of the specimens were
captured using a �uorescence microscope (Olympus, Japan) or laser confocal microscope (Lexia,
Japan).

Flow cytometry to detect apoptosis and identify CESCs

The Annexin V-APC/PI apoptosis detection kit (BD Biosciences, CA, USA) was used to detect and assess
the rate of apoptosis via �ow cytometry. The cells were digested and collected with 0.25% Trypsin-EDTA,
washed with PBS, resuspended in 100 μl of binding buffer and stained with 5 μl of Annexin V-APC and 5
μl of 7-AAD. After the cells were incubated for 30 minutes at room temperature, the apoptosis rate of the
cells was detected in a �ow cytometer (BD Biosciences, CA, USA). FlowJo software was used to analyze
the collected data. To identify CESCs, antibodies against CD44 (103,005, Biolegend, San Diego, CA, USA),
CD90 (202,503, Biolegend), and CD45 (103,107, Biolegend) were used. CESCs were collected within three
generations and washed 3 times with PBS. After the cells were incubated at room temperature for 30
minutes and washed with PBS, the percentage of CESCs was detected and analyzed by �ow cytometry
(BD FACSCalibur, USA).

Magnetic resonance imaging

At six weeks after the operation, the signal and structural changes in the disc were assessed by a 7.0 T
animal magnet (Bruker Pharmascan, Germany) based on the sagittal T2-weighted images. To obtain
clear imaging results, the parameters of the T2-weighted sections were set as previously described[29].
The severity of IVDD was analyzed in a double-blind manner according to the P�rrmann grading
system[30].

Data analysis

All data are presented as the mean±S.D. of at least three independent experiments. One-way analysis of
variance (ANOVA) followed by Tukey's test for comparisons between the two groups was used to analyze
and compare the results with GraphPad Prism 7.0 (GraphPad Software Inc., CA, USA). P values <0.05
were considered statistically signi�cant.

Results
CESCs in CEP secrete exosomes
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Based on previous studies demonstrating the presence of a large number of CESCs in the CEP of humans
and mice, we investigated whether there were CESCs in rat CEP. We extracted CESCs from 3- to 4-week-old
rats and identi�ed CESCs by osteogenic, chondrogenic, and adipogenic differentiation (Fig. 1a-b). The
�ow cytometry results showed that most CESCs positively expressed the stem cell surface markers CD90
and CD44 and did not express the differentiated cell surface marker CD45 (Fig. 1c). After enrichment and
extraction, the exosomes secreted by CESCs were identi�ed by analyzing the morphology, size and
marker proteins of the exosomes by TEM, NTA and WB analysis, respectively (Fig. 1d-f). The results
demonstrated that rat CESCs have functions similar to those of other types of stem cells that could
secrete a large number of exosomes.

Normal CESCs derived exosomes (N-Exos) were more conducive to activation of autophagy than
degenerated CESCs derived exosomes (D-Exos)

Since the incidence of IVDD increased after in�ammation or degeneration of CEP, we analyzed the
differences in the regulation of cell signaling pathways and functions of exosomes secreted by normal
CESCs or TBHP-induced degenerated CESCs. Mass spectrometry and heat map analysis of the obtained
N-Exos and D-Exos, we found that there was a clear difference between the proteins carried by the N-Exos
and D-Exos (Fig. 2a). KEGG enrichment analysis and Gene Ontology (GO) data analysis of proteins
contained in N-Exos and D-Exos respectively, the results showed that N-Exos and D-Exos had differences
in regulating cell biological functions, such as regulating cell phagosome and leukocyte transendothelial
migration (Fig. 2b-e). Further KEGG enrichment analysis of top 50 quantitative differential proteins
between N-Exos and D-Exos (Fig. 2f), we known that N-Exos were more conducive to activation of
autophagy than D-Exos, which indicated that N-Exos might suppress IVDD by regulating and activating
autophagy.

Normal CESCs derived exosomes (N-Exos) was more effective in attenuating rat NPCs apoptosis than
degenerated CESCs derived exosomes (N-Exos)

Normal CEP and CESCs can inhibit NPCs apoptosis by providing nutrients, inhibiting the in�ammatory
response and differentiating into NPCs. However, whether it is possible to inhibit NPCs apoptosis by
secreting exosomes is not clear. We isolated, extracted and cultured rat NPCs (Fig. 3a). Then, rat NPCs
were identi�ed by high expression of collagen II and low expression of collagen I (Fig. 3b). N-Exos and
NPCs were cocultured, and we found that exosomes can be taken up into the cytoplasm by NPCs
(Fig. 3c). Mass spectrometry analysis and Gene Ontology (GO) data analysis of the differential proteins
between N-Exos and D-Exos revealed that there were many important proteins in the N-Exos that
negatively regulated apoptosis (Fig. 3d). Therefore, NPCs were treated with NC (0ug/ml), D-Exos
(40ug/ml) and N-Exos (40ug/ml) to verify that antiapoptotic effects of N-Exos was more effective.
TUNEL staining and �ow cytometry analysis of apoptosis suggested that in the presence of 40 µg/ml N-
Exos, fewer NPCs underwent apoptosis (Fig. 3e-f). Representative western blotting and quantitative
analysis of Caspase3, Bax and Bcl-2 expression in NPCs also showed that N-Exos had antiapoptotic
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effects, and the antiapoptotic effect was more obvious with increasing concentrations of exosomes
(Fig. 3g).

Normal CESCs derived exosomes (N-Exos) was more effective of regulating autophagic �ux and inhibit
apoptosis in rat NPCs than degenerated CESCs derived exosomes (D-Exos)

There were reports that exosomes could attenuate diabetic nephropathy and D-GaIN/LPS-induced
hepatocyte injury by promoting autophagic �ux and inhibiting apoptosis[31, 32]. Therefore, we also
examined whether exosomes could inhibit NPCs apoptosis by promoting autophagic �ux. Mass
spectrometry and KEGG enrichment analysis of the all differential proteins carried in the extracted N-Exos
and D-Exos revealed that N-Exos might also inhibit NPCs apoptosis by activating autophagy (Fig. 4a). To
verify this �nding, we divided the NPCs into four groups for different treatments: NC, TBHP, TBHP + D-
Exos and TBHP + N-Exos. LC3-B and Caspase3 immuno�uorescence double staining results showed that
apoptotic protein expression was increased in cells treated with TBHP, but this increase in
autophagosome �uorescence intensity and apoptotic protein expression were reversed in cells treated
with TBHP + D-Exos or TBHP + N-Exos (Fig. 4b). Although the number of autophagosomes increased in
NPCs treated with TBHP + D-Exos or TBHP + N-Exos compared with the NC group or NPCs treated with
TBHP, the number of autophagosomes was the largest in TBHP + N-Exos group as observed by TEM
(Fig. 4c). Additionally, we found that the LC3B/A ratio and level of the autophagy-associated protein
Beclin-1 were increased and the apoptosis-related proteins Caspase3 and Bax were reduced in NPCs
treated with TBHP + D-Exos or TBHP + N-Exos, especially TBHP + N-Exos group, compared with the NPCs
treated with TBHP (Fig. 4d). These results suggested that N-Exos could inhibit NPCs apoptosis by
regulating autophagic �ow, and it was better than D-Exos.

Normal CESCs derived exosomes (N-Exos) inhibit NPCs apoptosis by activating the PI3K/AKT/autophagy
signaling pathway

MSC-Exos were previously shown to be effective in repairing critical size osteochondral defects via
activation of AKT and ERK signaling in an immunocompetent rat model[33]. Based on the results of
KEGG enrichment analysis (Fig. 4a), we hypothesized that N-Exos might also activate autophagy through
the PI3K/AKT pathway. We treated NPCs with NC, D-Exos and N-Exos and found that the p-AKT signaling
pathway was activated when NPCs were treated N-Exos. We then examined other signaling pathways,
such as p-ERK1/2 and p-JNK, but there were no signi�cant changes (Fig. 5a). Moreover, we found that the
apoptotic rate of NPCs and the apoptotic protein expression of Caspase3 and Bax decreased
signi�cantly, and the ratio of the autophagy protein LC3B/A, the level of p-AKT increased after activation
of the p-AKT signaling pathway, but the above effect was inhibited by the AKT inhibitor LY294002
(20 µmol/ml treatment for three days) (Fig. 5b-c). Immuno�uorescence staining of p-AKT and TUNEL
staining also led to the conclusion that N-Exos could inhibit NPCs by activating the PI3K/AKT/autophagy
signaling pathway (Fig. 5d).

Normal CESCs derived exosomes (N-Exos) alleviate the progression of IVDD in rats
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To con�rm that exosomes can be injected into the intervertebral disc, we labeled exosomes with DIR and
then performed live imaging. We found that DIR-labeled N-Exos (DIR-N-Exos) had a signal in the IVD than
unlabeled exosomes after three days (Fig. 6a). To further con�rm the conclusion that N-Exos could inhibit
NPCs apoptosis and ameliorate IVDD by activating the AKT/autophagy pathway, we divided the rats into
four groups: the NC group, LY294002 group (20 µmol), N-Exos group, and N-Exos + LY204002 group. MRI
of the treatment site was performed after four weeks. The results suggested that the PI3K/AKT inhibitor
LY294002 exacerbated the progression of IVDD, and exosomes alleviated disc degeneration, but
LY294002 attenuated exosome-mediated inhibition of the progression of IVDD (Fig. 6b). We extracted NP
tissue from the treatment site at the third week after the operation for western blotting. The results
showed that compared with those of the control group, the ratio of LC3B/A and the level of p-AKT in the
LY294002 group were signi�cantly reduced, and the ratio of LC3B/A and the level of p-AKT in the
exosome group were signi�cantly increased, but the inhibitor LY294002 could inhibit exosome-mediated
promotion of NPCs autophagy and activation of the AKT pathway (Fig. 6c). The immuno�uorescence
staining results also showed that exosomes inhibited the expression of Caspase3 and activated the
AKT/autophagy pathway, but LY294002 attenuated these effects of N-Exos (Fig. 6d-e). In short, we
demonstrated that N-Exos can inhibit NPCs apoptosis by activating autophagy via the PI3K/AKT
signaling pathway in vivo.

Discussion
Exosomes are extracellular vesicles that can effectively deliver substances and are widely used in the
treatment of various diseases. Through participating in intercellular communication and the modulation
of cellular processes, exosomes can effectively inhibit the progression of IVDD[17, 33]. Recent studies on
exosomes have focused on exosomes derived from MSCs, adipose stem cells and tumor cells. No one
had studied exosomes secreted by stem cells present in the CEP. In this work, we �rst proposed that
cartilage endplate stem cells (CESCs) in the rat cartilage endplates (CEP) located on the upper and lower
sides of the intervertebral disc (IVD) could secrete exosomes. Moreover, normal CESCs derived exosomes
were more conducive to activation of autophagy than degenerated CESCs derived exosomes. Compared
to mesenchymal stem cells (MSCs), although CESCs located near IVD are di�cult to obtain, CESCs can
better simulate the repair process of pathological changes in IVDD via activating AKT/autophagy
pathway and inhibiting NPCs apoptosis.

Previous studies have shown that as the main source of nutrient transport from vertebral marrow to the
IVD[34], the CEP plays an important role in suppressing IVDD, but whether this function is performed
through exosomes derived from CESCs has not been studied. We extracted and cultured CESCs to obtain
the cell supernatant. According to a previous method for extracting exosomes, CESCs secrete a large
amount of exosomes. Therefore, we hypothesized that CESCs might have similar functions as those of
MSCs and could regulate disease progression by secreting exosomes. Considering the fact that after
in�ammation and degeneration of CEP, IVDD was more likely to occur. Therefore, we analyzed the
difference between N-Exos and D-Exos in regulating cell signaling pathways and functions. The results
found N-Exos were more conducive to activation of autophagy than D-Exos, which showed that N-Exos
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might inhibit IVDD via activating autophagy. This might explain the reason why the incidence of IVDD
was increased after in�ammation of the CEP, which was that the degenerated CESCs derived exosomes
had a reduced ability to activate autophagy. Through GO analysis of proteins carried in exosomes, we
found that N-Exos might inhibit IVDD by inhibiting NPCs apoptosis. We then performed TUNEL staining,
�ow cytometry and western blotting experiments to detect the effect of N-Exos on apoptosis inhibition.
The results con�rmed that N-Exos could inhibit NPCs apoptosis effectively than D-Exos. This provided a
new direction for us to examine treatments for IVDD; for example, it was possible to construct engineered
exosomes that overexpressed a protein that inhibits IVDD to strengthen the therapeutic effect.

Previous studies have suggested that exosomes are endogenously produced and secreted by host cells
and might serve as a system for delivering proteins or RNA; further, exosomes are involved in intercellular
crosstalk and interorganelle communication[35]. For example, studies have shown that MSC-derived
exosomes inhibit ischemic myocardial cell apoptosis and promote cardiac endothelial microvascular
regeneration or bone regeneration by enhancing autophagy[19, 36]; however, we did not know whether N-
Exos also inhibited NPCs apoptosis by activating autophagy. KEGG enrichment analysis of N-Exos and D-
Exos revealed that the effect of N-Exos on activating autophagy to inhibit NPCs apoptosis was more
effective compared with D-Exos. Immuno�uorescence staining, TEM analysis and western blotting results
also con�rmed that exosomes, especially N-Exos, could inhibit TBHP-induced apoptosis by activating
autophagy. Considering that the PI3K/AKT signaling pathway was signi�cantly enhanced in the KEGG
enrichment analysis, the signaling pathway through which exosome activate autophagy was veri�ed. As
the NPCs treated with NC, D-Exos and N-Exos, the expression of p-AKT was signi�cantly increased
compared with the expression of ERK1/2, p-ERK1/2, JNK and p-JNK in the N-Exos group. Moreover,
western blotting, �ow cytometry and TUNEL staining results showed that compared with the effect in the
control group, the AKT signaling pathway was effectively inhibited in the presence of the AKT pathway
inhibitor LY294002, but the AKT signaling pathway was effectively activated in the presence of N-Exos.
Furthermore, LY294002 could inhibit exosome-mediated activation of the AKT signaling pathway. After
activation of the PI3K/AKT signaling pathway, the levels of the apoptotic proteins Caspase3 and Bax in
NPCs were signi�cantly reduced, but the expression levels of the antiapoptotic protein Bcl-2 increased.
These �ndings show that N-Exos mainly activate autophagy in NPCs by enhancing the p-AKT signaling
pathway, thereby inhibiting NPCs apoptosis.

To clarify the function of exosomes in vivo, we used a rat model and injected exosomes and the
PI3K/AKT inhibitor LY294002 into the rat tail disc. By injecting DIR-labeled N-Exos into the IVD and
performing live imaging three days later, we found that N-Exos could stay in the IVD for a longer period of
time. By analyzing the MRI, western blotting and immuno�uorescence results, we found that after
injection of LY294002, the expression of Caspase3 increased and IVDD was accelerated. However, after
the injection of N-Exos, expression of the apoptotic protein Caspase3 was signi�cantly reduced, and IVDD
was inhibited, but exosome-mediated inhibition of IVDD could be effectively reversed by LY294002. These
results indicate that exosomes derived from CESCs can enter NPCs to inhibit disc degeneration by
enhancing autophagy through activation of the PI3K/AKT signaling pathway in vivo.



Page 13/22

Conclusions
In summary, the present work demonstrated that there were a large number of CESCs in the rat CEP that
can secrete exosomes. Furthermore, N-Exos can inhibit NPCs apoptosis and weaken disc degeneration
more effectively than D-Exos by promoting autophagy through activation of the PI3K/AKT signaling
pathway both in vitro and in vivo. These results provide further support for the importance of exosomes
derived from normal CESCs as therapeutic tools for IVDD prevention and treatment.

Abbreviations
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Figure 1

Identi�cation of rat cartilage end plate stem cells (CESCs) and CESCs derived exosomes (CESCs-Exos). a
Horizontal views of rat CEP and the morphology of P3 CESCs at 100% con�uence. b After osteogenic
induction for 14 days (left panel), adipogenic induction for 15 days (middle panel) and chondrogenic
induction for 21 days (right panel), the ability of CESCs to differentiate into different cell lines was
con�rmed by Alizarin Red staining, Oil Red O staining and Alcian blue staining, respectively. c Cell surface
markers (CD90, CD44 and CD45) of CESCs were detected by �ow cytometric analysis. The red curves
represent the �uorescence intensity of CESCs stained with the corresponding antibodies. d TEM images
were used to identify the morphology of CESCs-Exos. e Nanoparticle tra�cking analysis (NTA) was used
to analyze the particle size distribution of CESCs-Exos. f Representative western blots showing Alix and
TSG101 expression in CESCs-Exos and CESCs.

Figure 2
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Bioinformatics Analysis between normal CESCs derived exosomes (N-Exos) and degenerated CESCs
derived exosomes (D-Exos). a Heat map analysis of differential proteins between N-Exos and D-Exos. b
KEGG enrichment analysis of proteins contained in N-Exos. c KEGG enrichment analysis of proteins
contained in D-Exos. d KEGG enrichment analysis of top 50 quantitative differential proteins between N-
Exos and D-Exos.

Figure 3

N-Exos was more effective in inhibiting apoptosis compared with D-Exos. a Morphological observations
of rat NP tissue (left panel), P1 NPCs at 50% con�uence (middle panel) and P3 NPCs at 100% con�uence
(middle panel). b Double immuno�uorescence staining of collagen II (green) and collagen I (red) in NPCs.
c Representative images of NPCs incubated with PBS or PKH67-labeled N-Exos for 24 hours. d Gene
Ontology (GO) analysis of the all differential proteins carried in the normal CESCs derived exosomes (N-
Exos) and degenerated CESCs derived exosomes (D-Exos). e-g TUNEL staining, �ow cytometry,
representative western blots and quantitative data of Caspase3, Bax and Bcl-2 expression in NPCs treated
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with NC (0ug/ml), D-Exos (40ug/ml) and N-Exos (40ug/ml). NC: Normal Control; ns: P>0.05; * p < .05; ** p
< .01; *** p < .001.

Figure 4

N-Exos was more effective of promoting NPCs autophagy and inhibiting apoptosis than D-Exos. a KEGG
enrichment analysis of the all differential proteins carried in the normal CESCs derived exosomes (N-
Exos) and degenerated CESCs derived exosomes (D-Exos). b Double immuno�uorescence staining of
LC3-B (green) and Caspase3 (red) in NPCs treated with NC (0ug/ml), TBHP (80umol/ml), TBHP
(80umol/ml)+D-Exos (40µg/ml) or TBHP(80umol/ml)+N-Exos (40µg/ml). c Autophagosomes (black
arrow: autophagosome) were examined by TEM after NPCs were treated as described above. d
Representative western blots and quantitative data of LC3A/B, Beclin-1, Caspase3, Bax and Bcl-2
expression in NPCs treated with NC, TBHP (80umol/ml), TBHP (80umol/ml)+D-Exos (40µg/ml) or TBHP
(80umol/ml)+N-Exos (40µg/ml). NC: Normal Control; ns: P>0.05; * p < .05; ** p < .01; *** p < .001.
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Figure 5

Normal CESCs derived exosomes (N-Exos) inhibited NPCs apoptosis by activating the
PI3K/AKT/autophagy signaling pathway. a Western blot analysis and quantitative data of p-AKT, AKT, p-
JNK, JNK p-ERK1/2 and ERK1/2 expression in NPCs treated with NC (0ug/ml), D-Exos (40ug/ml) and N-
Exos (40ug/ml). b Flow cytometry was used to detect apoptosis of NPCs treated with NC (0µg/ml).,
LY294002 (20µmol/ml), N-Exo (40µg/ml) and LY294002 (20µmol/ml)+N-Exos (40 µg/ml). c-d
Representative western blots and quantitative data of LC3A/B, p-AKT, Caspase3 and Bax expression and
double immuno�uorescence staining of p-AKT (green) and TUNEL (red) in NPCs treated as described
above. NC: Normal Control; ns: P>0.05; * p < .05; ** p < .01; *** p < .001.
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Figure 6

Normal CESCs derived exosomes (N-Exos) alleviated the progression of IVDD in vivo. a In vivo imaging of
rat IVDs and vertebral segments treated with unlabeled N-Exos (N-Exos) or DIR-labeled N-Exos (DIR-N-
Exos). b Representative MRI images of rat intervertebral discs treated with NC (0µg/ml)., LY294002
(20µmol/ml), N-Exos (40 µg/ml) and N-Exos (40 µg/ml)+LY294002 (20µmol/ml). c Western blots and
quantitative data of LC3A/B, p-AKT, Caspase3 and Bax expression in the rat intervertebral disc at the third
week after treatment. d-e Representative images of double immuno�uorescence staining of Caspase3
(red) and p-AKT (green) (d) and Caspase3 (red) and LC3B (green) (e) in rat discs in each group. NC:
Normal Control; ns: P>0.05; * p < .05; ** p < .01; *** p < .001.


