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Abstract. Exosomes have a key role in various diseases, 
such as arthritis, heart disease and respiratory disease. 
Exosomes from various sources have also been indicated to 
improve intervertebral disc degeneration. However, the role 
of endplate chondrogenic exosomes in intervertebral disc 
degeneration has remained largely elusive. The aim of the 
present study was to compare exosomal microRNA (miRNA) 
expression patterns in endplate chondrocytes before and after 
degeneration, and their potential roles in the pathogenesis of 
intervertebral disc degeneration (IVDD). Endplate chondro‑
cytes were extracted from rats and cultured to obtain pre‑ and 
post‑degeneration chondrocytes. Exosomes were obtained 
from the chondrocytes by centrifugation. The two groups 
of exosomes were subjected to small RNA sequencing, 
miRNA identification, novel miRNA prediction, quantitative 
analysis of miRNA expression and differentially expressed 
(DE) miRNA screening, in addition to miRNA target gene 
(TG) prediction and TG functional annotation and enrich‑
ment analysis. The percentage of miRNAs isolated from the 
exosomes before and after degeneration was found to differ. 
A total of 58 DE miRNAs were analyzed, the expression 
levels of which were significantly different post‑degeneration 
compared with pre‑degeneration. Cell experiments were 
also performed, in which the exosomes were co‑cultured 
with nucleus pulposus (NP) cells. The results indicated 
that the chondrocyte‑derived exosomes were taken up by 
the NP cells and influenced the expression of aggrecan 
and collagen 1A and 2A, suggesting that they may inhibit 
IVDD via their action on NP cells. The specific miRNAs 
present in exosomes during IVDD may be used to develop 
new targets for the treatment and diagnosis of this condi‑
tion. DE exosomal miRNAs derived from endplate cartilage 
pre‑ and post‑degeneration may be associated with the risk 

of IVDD and could help to distinguish patients with IVDD. 
Furthermore, the expression of certain miRNAs may be 
associated with disease progression, which may contribute 
to understanding the pathophysiology of IVDD from an 
epigenetic perspective.

Introduction

The main cause of chronic low back pain identified clinically 
is intervertebral disc degeneration (IVDD), which seriously 
affects physical and mental health and consumes a lot of 
manpower and financial resources every year. At present, the 
commonly used clinical drugs and surgical treatments are 
not able to fundamentally resolve the disease itself, and the 
recurrence rate is high. Therefore, it is particularly necessary 
to develop a more efficient and thorough strategy for its effec‑
tive treatment. IVDD is a multifactorial etiological process, 
and the specific mechanism underlying it remains unclear. It is 
generally considered to be caused by ageing, lifestyle, genetic 
predisposition and certain non‑physiological mechanical 
loads. These variables can induce an imbalance in the anabolic 
and catabolic environments of the extracellular matrix of the 
intervertebral disc, which causes the nucleus pulposus (NP) 
cells to undergo apoptosis, senescence and inflammation (1‑3).

Exosomes are tiny extracellular vesicles with a double‑layer 
lipid membrane structure and a diameter of 30‑150 nm. They 
are secreted by mammals and are present in a variety of body 
fluids, including blood, cell fluid, breast milk and urine (4). 
Although they were originally considered to be cellular waste, 
they have since been shown to have a variety of purposes and 
to be crucial intercellular communication mediators in several 
pathological and physiological processes (5,6). Exosomes carry 
proteins, lipids, microRNAs (miRNAs) and some other RNAs, 
but a number of their biological effects have been suggested 
to be attributed to miRNAs, which are involved in various 
physiological and pathological processes (7‑9). Several studies 
have confirmed that the miRNA components of exosomes can 
slow down IVDD by inhibiting the apoptosis of lumbar NP 
cells (10‑12).

In the present study, exosomal miRNAs were isolated from 
chondrocytes before and after degeneration. Sequencing and 
bioinformatics analysis were then performed on the two groups 
of exosomal miRNAs. Quantitative analysis of the miRNAs 
was followed by the screening of differentially expressed (DE) 
miRNAs, prediction of miRNA target genes (TGs), as well as 
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the functional annotation and enrichment analysis of the DE 
miRNA TGs. In addition, known miRNAs were identified and 
new miRNAs were predicted.

Materials and methods

Animals and cell collection. One‑week‑old Sprague Dawley 
(SD) rats were used. Due to the protective effect of estrogen 
on chondrocytes (13), these rats were selected for use in the 
present study. They were donated by Nanjing Qinglongshan 
Zoo (Nanjing, China) and were maintained under standard 
specific pathogen‑free conditions. The rats were housed in 
a stainless‑steel cage with a 12‑h light/dark cycle at 25˚C, 
40‑70% relative humidity and water and rat food pellets 
were given on time every day. For chondrocyte isolation, six 
1‑week‑old female SD rats weighing ~20‑30 g were selected. 
The rats were euthanized via the intraperitoneal injection 
of 200 mg/kg pentobarbital sodium, which induced respira‑
tory arrest. After the rat lumbar vertebrae were immersed in 
75% ethanol for 20 min at room temperature, lumbar tissues 
were harvested. The spine was then soaked in PBS and 2% 
penicillin/streptomycin for 10 min at 37˚C. The endplate 
cartilage was removed from the intervertebral discs, cut up 
in an Eppendorf (EP) tube and digested with 0.2% trypsin 
for 20 min at 37˚C. After digestion, DMEM/F‑12 GlutaPlus, 
HEPES (cat. no. G4612; Servicebio) medium containing 15% 
fetal bovine serum (FBS; cat. no. SA220119; Procell) was 
added to the EP tube, and the supernatant was removed by 
centrifugation at 157 x g for 2 min at 4˚C. Removal of the 
supernatant was performed three times by centrifugation 
in the same manner. The obtained precipitate was digested 
with 0.2% collagenase for 4 h at 37˚C. Subsequently, the 
primary rat endplate chondrocytes were obtained by filtration 
using a 70‑µm cell sieve, washed with PBS and inoculated 
in Petri dishes. Finally, DMEM/F12 with 15% FBS and 1% 
penicillin/streptomycin was added and the chondrocytes were 
cultured in an incubator at 37˚C with 5% carbon dioxide. 
The supernatant was extracted and stored at 80˚C until the 
cells reached 80‑90% confluence. Cells were subcultured in 
two 10‑cm dishes to 80‑90% confluence and the supernatant 
was again collected and stored at 80˚C. Cell morphology 
was observed and photographic images were captured daily. 
The morphology of the cells was consistent with those of 
endplate chondrocytes. When the chondrocytes were cultured 
in vitro, fibrosis of chondrocytes became evident in the 
third generation, as the chondrocytes exhibited a long fusi‑
form morphology, and the growth rate began to slow down. 
After the fourth passage, the cell morphology became more 
pronounced, and by the sixth passage, the cell morphology was 
mostly long fusiform, similar to fibroblast morphology. As the 
cells gradually differentiated, degeneration ensued. Based on 
the morphological appearance of the cells, third‑generation 
chondrocytes were used as the pre‑degeneration cells, and the 
fifth‑generation chondrocytes were used as the post‑degen‑
eration cells. The cell supernatants were stored at ‑80˚C for 
48‑72 h and then added to DMEM/F12 medium with 15% FBS 
and 1% penicillin/streptomycin to maintain the culture. The 
Animal Research Committee of Yijishan Hospital of Wannan 
Medical College (Wuhu, China) approved the experimental 
protocol (approval no. LLSC‑2022‑099).

Exosome isolation and RNA extraction. Prior to and following 
degeneration, particles >0.45 µm in diameter were removed 
from the cell culture supernatant by passing it through a 
0.45‑µm filter. The purified supernatants were combined 
using an exoEasy membrane (cat. no. 76064; Qiagen GmbH) 
affinity centrifuge column with Buffer XBP (1:1), centrifuged 
at 500 x g for 1 min at 4˚C and then washed with Buffer XWP. 
The mixed exosomes were centrifuged at 4,000 x g for 5 min 
at 4˚C, and after changing the centrifuge tube, three indepen‑
dent elutions in 500 µl Buffer XE were performed. The elutes 
were stored at ‑80˚C.

TRIzol® (Thermo Fisher Scientific, Inc.) was used to extract 
RNA from the samples. To certify the samples for transcrip‑
tome sequencing, the purity, concentration and integrity of the 
RNA samples were verified by Implen ultramicroultraviolet 
spectrophotometry (NP40).

Western blot (WB) analysis. A lysis solution containing a 
protease inhibitor cocktail was used to extract the total protein 
from the exosomes. The lysis solution consisted of 1 ml 
RIPA lysate combined with 10 µl PMSF, both from Beyotime 
Institute of Biotechnology. After lysis, a bicinchoninic acid 
protein concentration assay kit (cat. no. PC0020; Solarbio) 
was used to detect the protein concentration according to the 
operating instructions of the kit. Subsequently, 20 µg total 
protein/lane was separated on a 10% SDS‑PAGE gel and 
transferred to a polyvinylidene difluoride (PVDF) membrane 
(MilliporeSigma). The PVDF membrane was then cleaned 
once with TBST. Membranes were then immersed in the 
blocking solution (cat. no. P0023B; Beyotime Institute of 
Biotechnology) and blocked for 2 h at room temperature 
with gentle shaking, followed by washing with TBST once. 
After blocking, the membranes were incubated with 1:1,000 
diluted anti‑heat shock protein 70 (HSP70) (cat. no. 4876T), 
anti‑alix (cat. no. 2171T), anti‑flotillin‑1 (cat. no. 18634T) 
and anti‑annexin V (cat. no. 8555T; all from Cell Signaling 
Technology, Inc.) antibodies overnight at 4˚C. ECL WB 
Substrate (cat. no. PE0010; Beijing Solarbio Science & 
Technology Co., Ltd.) was applied to the PVDF membrane 
for exposure photography after incubation with horseradish 
peroxidase (HRP)‑conjugated anti‑rabbit IgG (cat. no. SE134) 
or HRP‑conjugated anti‑rat IgG secondary antibodies (cat. 
no. SE131; both from Beijing Solarbio Science & Technology 
Co., Ltd.) at room temperature for 1 h. Image processing was 
performed using ImageJ 1.8 software (National Institutes of 
Health) for gray value analysis.

Electron microscopy. Transmission electron microscopy 
was used to study the morphology of the exosomes. Briefly, 
the suspended exosomes were diluted with PBS and then 
each sample was put onto a carbon‑coated copper grid. The 
exosomes were allowed to precipitate for 10 min and then the 
remaining solution was adsorbed with air‑flow mesh paper.

Following immersion in 3% glutaraldehyde at room 
temperature for 5 min, the mesh was rinsed 10 times with 
deionized water. The copper grid was then exposed to 4% 
uranyl acetate solution at room temperature for 10 min 
followed by 1% methylcellulose solution at room temperature 
for 5 min. The samples were dried and inspected using trans‑
mission electron microscopy after 30 min.
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Particle size analysis. ZetaView series nanoparticle tracking 
analyzer (Particle Metrix GmbH) was performed to examine 
the size distribution of the isolated exosomes. PBS was used 
to dilute the exosomes. ZetaView software version 8.05.11 
(Particle Metrix GmbH) was used to examine the size and 
concentration of the nanoparticles. The Brownian motion of 
the extracted nanoparticles was also recorded.

Library preparation for small RNA (sRNA) sequencing and 
classification. Utilizing the HiSeq 2500 platform (Illumina 
Inc.), RNA sequencing (cat. no. R0024; Beyotime Institute 
of Biotechnology) was carried out. In brief, adapters were 
connected to the 3' and 5' ends of the RNAs. This was 
followed by reverse transcription (RT) for first‑strand 
synthesis (size selection, 50‑200 bp). The reaction solution 
was prepared according to the real‑time PCR reaction system. 
Double‑distilled water (DDH2O), SYBRGreen qPCR Master 
Mix, Forward primer, Reverse primer and cDNA template 
were added to the PCR reaction tube and mixed thoroughly. 
For fragment screening, polyacrylamide gel electrophoresis 
was performed, with rubber cutting recycling of the fragments 
to produce sRNA libraries. The PCR products were purified 
using Agencourt AMPure XP technology (Beckman Coulter, 
Inc.) and library quality was evaluated. The raw sequences 
obtained by sequencing contained adaptor sequences or 
low‑quality sequences. In order to ensure the accuracy of infor‑
mation analysis, quality control of the raw data is required to 
obtain high‑quality sequences (that is, Clean): i) The adaptor 
was removed; ii) sequences shorter than 15 nucleotides or 
longer than 35 nucleotides were removed; iii) For each sample, 
the sequence with low quality value was removed; iv) reads 
with the content of unknown base N (N is the base that cannot 
be identified) greater than or equal to 10% were removed. A 
TruSeq PE Cluster Kit v4‑cBot‑HS (Illumina, Inc.) was used to 
cluster the index‑coded samples on a cBot Cluster Generation 
System according to the manufacturer's instructions. The 
libraries were sequenced on the Illumina platform after cluster 
creation and single‑end reads (15‑35 bp) were produced. Small 
RNA sequencing of two samples was completed, and a total of 
31.61 M Clean Reads were obtained.

Using Bowtie software (v1.0.0) (14), clean reads were 
filtered with the Silva, GtRNAdb, Rfam and Repbase data‑
bases to remove ribosomal RNA (rRNA) (15‑18), transfer 
RNA (tRNA), small nuclear RNA (snRNA), small nucleolar 
RNA (snoRNA), other non‑coding RNA (ncRNA) and repeti‑
tions. By comparing the remaining reads with the genome 
and known tRNAs from miRBase version 22 (http://www.
mirbase.org/), known and new miRNAs were identified. For 
the prediction of the secondary structures of new miRNAs, 
Randfold software (http://bioinformatics.psb.ugent.be/supple‑
mentary_data/erbon/nov2003/) was used.

Sequencing data analysis. Reads from the reference genome 
were matched to mature sequences of known miRNAs using 
miRBase with a range of 2 nucleotides (nt) upstream and 5 nt 
downstream in order to identify known miRNAs, allowing at 
most one mismatch. The reads identified were considered to be 
known miRNAs. The majority of miRNA transcription start 
sites are found in introns, gene spacers and the reverse comple‑
mentary regions of coding sequences. miRNA precursors have 

a distinctive hairpin shape, and splicing by Dicer/Dicer‑like 
enzymes results in the production of mature bodies. The 
program miRDeep2 (19) was used to predict novel miRNA in 
the deep sequencing data based on the biological properties of 
miRNA. By comparing reads with genome position data, the 
miRDeep2 software identified potential precursor sequences. 
A Bayesian model was used to assess energy information for 
the precursor structure using RNAfold (version 2.1.7) (20) and 
the read distribution on the precursor sequence, considering 
features associated with miRNA synthesis, mature sequence 
characteristics, star sequences and loops, and thereby predict 
novel miRNA. miRDeep2 is mostly utilized for the prediction 
of miRNA in animals (19), but by modifying the parameters 
and altering the scoring scheme, it can also be used for the 
prediction of miRNA in plants (21). The miRNA expression 
levels of each sample were counted and then normalized 
using the transcript per million (TPM) method (22). The 
TPM normalization formula is as follows: TPM=(read count x 
1,000,000)/mapped reads. The term read count represents the 
number of reads for a specific miRNA, and the term mapped 
reads represents the number of reads relative to all miRNAs.

It is important to choose appropriate software for differ‑
ential expression analysis when attempting to identify DE 
miRNAs. For biological repeat experiments, DESeq2 (23) 
is appropriate, while for the acquisition of DE miRNA sets 
between two biological situations, differential expression 
analysis between sample groups may be used. EdgeR (24) can 
be utilized to identify DE miRNAs between two samples in 
studies without biological replication. In the present study, the 
relative expression levels of the two (groups) samples were 
compared using DESeq2 and the DE miRNAs were classified 
as upregulated or downregulated miRNAs.

The screening threshold for the discovery of DE miRNAs 
was based on the fold change (FC) in expression as follows: 
|log2 (FC)|≥0.58; P<0.05. The P‑value conveys the prob‑
ability of there being no difference between the two groups. 
The differential expression analysis of miRNA is an inde‑
pendent statistical test for the expression of a large number 
of miRNAs and false positives may exist. Therefore, the 
Benjamini‑Hochberg method was used to correct the P‑values 
used in the identification of DE miRNAs, and reduce the false 
discovery rate (FDR).

Table I. Primer sequences.

Primer Sequence (5'‑3')

GAPDH‑F GGAAAGCTGTGGCGTGAT
GAPDH‑R TCCACAACGGATACATTGGG
Col1A1‑F CCCACTGGGCTTATGATACC
Col1A1‑R GGCTCCTTCAATAGTCCGAG
Col2A1‑F TTCCTTGACATTGCACCTCT
Col2A1‑R ATCCTTCTCTTTTGCCCACA
Aggrecan‑F GGGCAGAAGAAAGATCGCT
Aggrecan‑R CTCCGTGTGGGTCTCATCG

Col, collagen; F, forward; R, reverse.



CHEN et al:  miRNA FROM RAT ENDPLATE CHONDROGENIC EXOSOMES4

miRNA TG prediction and pathway analysis. Based on 
gene sequencing data for the respective species and newly 
predicted miRNAs, miRanda (25) and TargetScan (26) were 
used for the prediction of TGs in animals. TG sequences 
were compared with the NR (27), Swiss‑Prot (28), GO (29), 
Clusters of Orthologous Groups of Proteins (30), KEGG (31), 
eggNOG (32), Eukaryotic Orthologous Groups (33) and 
Pfam (34) databases using the BLAST program to annotate the 

TGs. Gene Ontology (GO) enrichment analysis (http://www.
geneontology.org/) of the TGs was performed using the goseq 
R tool (35) to implement Wallenius non‑central hypergeo‑
metric distribution‑based testing. The Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database (36) facilitates 
the understanding of high‑level biological system functions 
and utilities based on molecular‑level information, particu‑
larly large‑scale genome sequencing datasets and other 

Figure 1. Identification of exosomes. (A) Light microscopy images showing the morphological differences in rat endplate chondrocytes pre‑ and post‑degen‑
eration (magnification, 50 µm). (B) Electron microscopy images showing exosome density before and after degeneration (magnification, 200 µm). (C) Typical 
results of rat chondrogenic exosome nanoparticle tracking analysis. (D) comparison of exosome concentrations before and after degeneration. (E) Exosome 
marker proteins identified by western blotting. *P<0.05. Hsp70, heat shock protein 70.

Figure 2. Small RNA classification in pre‑ and post‑degeneration exosomes. No significant difference in the percentage of unannotated reads was detected 
(P=0.07). T01, before degeneration; T02, after degeneration; rRNA, ribosomal RNA; scRNA, small conditional RNA; snRNA, small nuclear RNA; snoRNA, 
small nucleolar RNA; tRNA, transfer RNA other non‑coding RNA
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high‑throughput technologies (http://www.genome.jp/kegg/). 
To examine the statistical enrichment of the TGs in KEGG 
pathways, KOBAS (37) software was utilized.

Culture and treatment of NP cells. The caudal skin of 
1‑week‑old SD rats was cut with a knife and the tail skin of 
the rats was peeled off along the incision. Two hands held the 
vertebral bodies on both sides of the intervertebral disc and 
the punctured intervertebral disc was squeezed in different 
directions to squeeze out the gel‑like nucleus pulposus. After 
washing with PBS, the NP was cut into small pieces and 
digested with 0.5% type II collagenase (Roche Diagnostics) 
for 2 h at room temperature. Cells were obtained and main‑
tained in DMEM/F12 basic medium containing 10% FBS and 
100 U/ml penicillin‑streptomycin in a humidified incubator 
containing 5% CO2 at 37˚C.

NP cell and exosome co‑culture. Exosomes were labeled with 
DiI (cat. no. D4010; Uelandy) for in vivo tracer experiments. 
NP cells (1x106) cultured in DMEM/F12 were seeded in a 
6‑well plate and then 20 µg/ml exosomes from the pre‑ and 
post‑degeneration groups were added. A normal cell group 
comprising only NP cells was also established. The cells were 
harvested 48 h later and subsequently used for RT‑quantitative 
PCR (RT‑qPCR) and WB experiments.

Total RNA extraction. Nucleus pulposus cells were digested 
with trypsin and collected into 1.5 ml RNase‑free centrifuge 
tubes by centrifugation at 157 x g, 5˚C for 5 min. RNA 
was then extracted using a Total RNA Isolation kit (cat. 
no. B511321; Sangon Biotech Co., Ltd.). Total RNA was 
extracted according to the instructions of the total RNA kit. 
This comprised the addition of 500 µl lysis solution to the 
RNA, blowing repeatedly and allowing to stand for 5‑10 min 
at room temperature. Subsequently, 0.2 ml chloroform was 
added and the mixture was shaken vigorously at room 
temperature for 30 sec and then left at room temperature for 
3 min, followed by centrifugation at 16,000 x g and 4˚C for 
10 min. The upper aqueous phase was transferred to a clean 
centrifuge tube, and one‑half volume of anhydrous ethanol 
was added and mixed in. This mixture was then added to the 
adsorption column in the collection tube using a pipette. After 
standing for 2 min, the tube was centrifuged at 16,000 x g for 
3 min at 4˚C and the supernatant was removed. The adsorp‑
tion column was again placed in the collection tube, 500 µl 
RPE solution was added, and after standing for 2 min and 
centrifugation at 11,000 x g for 30 sec at 4˚C, the supernatant 
was removed; this process was repeated once. The adsorption 
column was returned to the collection tube, centrifuged for 
2 min at 11,000 x g at 4˚C and then placed in a clean 1.5‑ml 
centrifuge tube. Finally, 30 µl diethylpyrocarbonate‑treated 
DDH2O was added to the center of the adsorption membrane 
and the RNA was centrifuged at 16,000 x g for 2 min at 4˚C. 
The RNA solution was stored at ‑70˚C for use in subsequent 
experiments. After total RNA was extracted, 1 µl RNA was 
added to a microcuvette with a German Implen ultrami‑
croultraviolet spectrophotometer (NP40) and the absorbance 
was measured at wavelengths of 230, 260 and 280 nm. The 
machine automatically calculated and displayed the content 
and purity of RNA.

Synthesis of cDNA. A cDNA synthesis kit (cat. no. AE311; 
TransGen Biotech) was used to synthesize cDNA from the 
RNA. The RT reaction mixture comprised 7 µl RNA, 1 µl 
random primer, 10 µl 2xES Reaction Mix, 1 µl EasyScript® 
RT/RI Enzyme Mix and 1 µl gDNA remover. The mixture was 
incubated at 25˚C for 10 min and at 42˚C for 15 min. It was 
then inactivated at 85˚C for 5 sec and stored at ‑20˚C.

qPCR amplification. The qPCR primers were synthesized by 
Shanghai Shenggong Biology Engineering Technology Service, 
Ltd. and their sequences are shown in Table I. The qPCR reac‑
tion system comprising DDH2O, SYBR green qPCR Master 
Mix (cat. no. AQ101‑01; TransGen Biotech), forward and reverse 
primers and cDNA templates was prepared, added to PCR reac‑
tion tubes and thoroughly mixed. The reaction system comprised 
10 µl qPCR mix, 0.5 µl forward primer (10 µM), 0.5 µl reverse 
primer (10 µM), 2 µl cDNA and 7 µl nuclease‑free water (total 
volume, 20 µl). PCR amplification was performed using the 
following steps: One cycle of predegeneration at 94˚C for 30 sec, 
and 40 cycles of denaturation at 94˚C for 5 sec and annealing at 
61˚C for 35 sec. Finally, 1 cycle of melting curve analysis was 
performed at 97˚C for 10 sec, 65˚C for 60 sec and 97˚C for 1 sec.

Analysis of protein expression in NP cells by WB. The 
expression of aggrecan (cat. no. sc377219), collagen (Col)1A 
(cat. no. sc293182) and Col2A (cat. no. ab34712; all from 
Santa Cruz Biotechnology, Inc.) in NP cells cocultured with 
pre‑ and post‑degeneration exosomes and the NP cell control 
was analyzed using the aforementioned WB procedure for 
exosome markers.

Fluorescence imaging. NP cells in DMEM/F12 were inoculated 
into the wells of a 6‑well plate at a density of 5x105 cells/well. 
The next day, green fluorescent protein (GFP) was introduced 
into the cells by transfection with 2 µl lentivirus phHSI‑GFP 
(cat. no. TSPLA10289; Testobio). A fluorescence quenching 
agent containing DAPI was used to seal the cell layer and 
images were collected under a fluorescence microscope.

Table II. Top 10 most highly expressed miRNAs in pre‑ and 
post‑degeneration exosomes.

Identity T01 (TPM) T02 (TPM) Fold change

rno‑let‑7i‑5p 17,707 134,531 7.60
rno‑miR‑21‑5p 38,135 123,008 3.23
rno‑miR‑3473 47,884 71,730 1.50
rno‑miR‑148a‑3p 18,536 51,394 2.77
rno‑miR‑26a‑5p 16,315 34,505 2.11
rno‑miR‑99a‑5p 18,769 26,776 1.43
rno‑let‑7b‑5p 6,632 17,794 2.68
rno‑miR‑146a‑5p 2,453 15,760 6.42
rno‑miR‑143‑3p 11,971 8,031 0.67
rno‑miR‑221‑3p 2,221 8,999 4.05

T01, pre‑degeneration exosomes; T02, post‑degeneration; TPM, tran‑
scripts per million; miRNA/miR, microRNA; rno, Rattus norvegicus.
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Statistical analysis. The chi‑square test was used to compare 
the percentage of unannotated reads of exosomes pre‑ and 
post‑degeneration using SPSS 22.0 (IBM). Bonferroni's test 
was used to compare the exosome concentration, relative 
mRNA expression and relative protein levels between the 
two groups using SPSS 22.0 (IBM Corporation). Differential 
expression analysis of two conditions/groups was carried 
out using the DESeq2 R tool (version 1.10.1), which uses a 
model based on a negative binomial distribution to identify 
differential expression in digital miRNA expression data. The 
Benjamini‑Hochberg method for reducing the FDR was used 
to modify the obtained P‑values. DESeq2 was used to classify 
miRNAs with |log2(FC)|≥0.58; P<0.05 as DE miRNAs.

Results

Characterization of exosomes from endplate chondrocytes. 
The histological features of endplate chondrocytes before and 
after degeneration were examined. The number of endplate 
chondrocytes was lower post‑degeneration than pre‑degener‑
ation, as shown in Fig. 1A. Electron microscopy showed that 
the exosomes obtained from the endplate chondrocytes were 
cup‑shaped (Fig. 1B). The median diameter of the isolated 
exosomes was ~100 nm, according to the NTA results (Fig. 1C). 
The concentration of chondrogenic exosomes in the endplate 
increased markedly following degeneration (P<0.01), from 
~60 mg/ml before degeneration to ~80 mg/ml after degeneration 
(Fig. 1D). Finally, exosome markers were examined using WB 
and the results revealed the presence of the exosome markers 
alix, HSP70, flotillin and annexin V in the particles (Fig. 1E).

sRNA classification. Numerous forms of sRNA, including 
miRNA, tRNA, rRNA, snRNA, snoRNA, small conditional 
RNA and unannotated RNAs, have been shown to be present 
in exosomes (38). Clean reads were filtered using various data‑
bases via the Bowtie program, which removed ncRNAs such 
as rRNA, tRNA, snRNA, snoRNA and repeated sequences to 
provide unannotated reads containing miRNA. No significant 
difference was detected between pre‑ and post‑degeneration 
exosomes (P=0.07) with regard to the percentage of unan‑
notated reads containing miRNA in the total sRNA extracted 
from pre‑ and post‑degeneration exosomes, which equated to 
26.89 and 39.13%, respectively (Fig. 2).

Table III. Continued.

Identity P‑value FDR Regulated

rno‑miR‑423‑3p 3.79x10‑2 1.16x10‑1 Down
rno‑miR‑450a‑5p 4.20x10‑2 1.26x10‑1 Down
rno‑miR‑132‑3p 4.33x10‑2 1.28x10‑1 Up
rno‑miR‑183‑5p 4.33x10‑2 1.28x10‑1 Up
rno‑miR‑126a‑5p 4.33x10‑2 1.28x10‑1 Down
rno‑miR‑148b‑3p 4.43x10‑2 1.30x10‑1 Up

Differentially expressed miRNAs in post‑degeneration exosomes 
compared with pre‑degeneration exosomes. miRNA/miR, microRNA; 
FDR, false discovery rate; rno, Rattus norvegicus.

Table III. Differentially expressed miRNAs.

Identity P‑value FDR Regulated

rno‑miR‑1b 6.81x10‑86 1.63x10‑83 Down
rno‑miR‑206‑3p 3.36x10‑47 2.01x10‑45 Down
rno‑miR‑133a‑3p 8.56x10‑47 4.10x10‑45 Down
rno‑miR‑1‑3p 1.24x10‑33 3.29x10‑32 Down
rno‑let‑7i‑5p 7.17x10‑30 1.72x10‑28 Up
rno‑miR‑146a‑5p 1.72x10‑18 3.17x10‑17 Up
rno‑miR‑29a‑3p 1.61x10‑12 2.34x10‑11 Up
rno‑miR‑127‑3p 8.04x10‑11 1.01x10‑9 Down
rno‑miR‑21‑5p 1.45x10‑9 1.48x10‑8 Up
rno‑miR‑221‑3p 1.79x10‑9 1.78x10‑8 Up
rno‑miR‑222‑3p 6.55x10‑9 6.03x10‑8 Up
rno‑miR‑224‑5p 1.73x10‑8 1.51x10‑7 Up
rno‑miR‑23b‑3p 1.74x10‑7 1.33x10‑6 Up
rno‑miR‑148a‑3p 8.19x10‑7 5.85x10‑6 Up
rno‑miR‑378a‑3p 1.05x10‑6 7.30x10‑6 Down
rno‑miR‑125b‑1‑3p 2.28x10‑6 1.56x10‑5 Up
rno‑miR‑10a‑5p 4.12x10‑6 2.67x10‑5 Down
rno‑let‑7c‑5p 1.05x10‑5 6.29x10‑5 Up
rno‑let‑7b‑5p 1.17x10‑5 6.92x10‑5 Up
rno‑miR‑143‑3p 1.36x10‑5 7.89x10‑5 Down
rno‑miR‑199a‑3p 1.37x10‑5 7.89x10‑5 Down
rno‑miR‑22‑3p 2.12x10‑5 1.19x10‑4 Up
rno‑miR‑196a‑5p 2.79x10‑5 1.55x10‑4 Up
rno‑miR‑126a‑3p 5.66x10‑5 3.01x10‑4 Down
rno‑miR‑320‑3p 6.08x10‑5 3.20x10‑4 Up
rno‑miR‑30a‑5p 3.02x10‑4 1.43x10‑3 Up
rno‑miR‑133b‑3p 3.52x10‑4 1.64x10‑3 Down
rno‑miR‑196b‑5p 4.10x10‑4 1.89x10‑3 Up
rno‑let‑7f‑5p 4.58x10‑4 2.09x10‑3 Up
rno‑miR‑99b‑5p 6.96x10‑4 3.00x10‑3 Up
rno‑miR‑499‑5p 7.59x10‑4 3.21x10‑3 Down
rno‑miR‑128‑3p 8.83x10‑4 3.68x10‑3 Down
rno‑miR‑203a‑3p 1.65x10‑3 6.69x10‑3 Down
rno‑miR‑26a‑5p 1.92x10‑3 7.74x10‑3 Up
rno‑miR‑451‑5p 3.32x10‑3 1.27x10‑2 Down
rno‑miR‑218a‑5p 3.39x10‑3 1.27x10‑2 Up
rno‑miR‑7a‑5p 3.72x10‑3 1.38x10‑2 Up
rno‑miR‑10b‑5p 3.88x10‑3 1.43x10‑2 Up
rno‑miR‑184 5.46x10‑3 1.98x10‑2 Up
rno‑miR‑1839‑5p 5.72x10‑3 2.04x10‑2 Up
rno‑miR‑22‑5p 6.57x10‑3 2.33x10‑2 Up
rno‑miR‑122‑5p 6.99x10‑3 2.46x10‑2 Up
rno‑miR‑328a‑3p 1.36x10‑2 4.66x10‑2 Up
rno‑miR‑345‑3p 1.40x10‑2 4.67x10‑2 Up
rno‑miR‑676 1.40x10‑2 4.67x10‑2 Down
rno‑miR‑16‑5p 1.41x10‑2 4.68x10‑2 Up
rno‑miR‑149‑5p 1.53x10‑2 5.07x10‑2 Up
rno‑miR‑145‑5p 1.62x10‑2 5.31x10‑2 Down
rno‑miR‑139‑5p 1.73x10‑2 5.64x10‑2 Down
rno‑miR‑182 1.95x10‑2 6.28x10‑2 Up
rno‑miR‑24‑3p 3.45x10‑2 1.07x10‑1 Up
rno‑miR‑142‑5p 3.48x10‑2 1.07x10‑1 Down
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In total, sRNA sequencing was performed for the pre‑ 
and post‑degeneration exosomes and a total of 479 miRNAs 
were found, comprising 190 newly predicted miRNAs and 
289 known miRNAs 205 and 263 well‑known miRNAs 
were detected in the exosomes pre‑ and post‑degeneration, 
respectively, using miRBase 22.0 as a reference. Let‑7i‑5p, 
miR‑21‑5p, miR‑3473, miR‑148a‑3p, miR‑26a‑5p, miR‑99a‑5p, 
let‑7b‑5p, miR‑146a‑5p, rno‑miR‑143‑3p and rno‑miR‑221‑3p 
were the top 10 miRNAs with the highest levels of expression 
in the pre‑ and post‑degeneration exosomes (Table II).

DE miRNAs. The screening threshold for the discovery of DE 
miRNAs was |log2 (FC)|≥0.58; P<0.05. The FC of expression 
between the two samples and the corresponding P‑value were 
determined for each miRNA. Post‑degeneration exosomes 
showed 36 up‑ and 22 downregulated DE miRNAs compared 
with pre‑degeneration exosomes (Table III). miR‑1b, 
miR‑206‑3p, miR‑133a‑3p, miR‑1‑3p, let‑7i‑5p, miR‑146a‑5p, 
miR‑29a‑3p, miR‑127‑3p, miR‑21‑5p and miR‑221‑3p were 
the top 10 DE miRNAs. The DE miRNAs with the greatest 
expression FC in expression, miR‑1b, has been demonstrated 
to inhibit apoptosis (39,40). The statistical significance of the 

difference between the miRNA expression levels in the two 
groups was determined and presented in a volcano plot (Fig. 3). 
An MA plot was also prepared to graphically display the 
general distribution of expression levels and differential multi‑
ples of DE miRNAs in the two groups (Fig. 4). Hierarchical 
clustering analysis was carried out on the DE miRNAs, and 
the miRNAs with the same or comparable expression behavior 
were grouped (Fig. 5).

Prediction and annotation of miRNA TGs. Based on the gene 
sequencing data of existing and recently identified miRNAs 
and associated species, TargetFinder was used to determine 
the TGs in plants while miRanda and Targetscan were used 
for TG prediction in animals. Table SI displays the anticipated 
TGs of each miRNA.

Annotation data were available for 14,954 of the 14,982 
TGs. Table IV displays the total number of annotated TGs and 
the numbers of mRNAs of different lengths.

Enriched biological processes and molecular functions 
of genes targeted by the DE miRNAs. Enriched biological 
processes, molecular functions and cellular components for 

Figure 3. Volcano plot for up‑ and downregulated miRNAs between pre‑ and post‑degeneration exosomes. Each point on the differential expression volcano 
map represents a miRNA, the horizontal coordinate is the log2(FC) in miRNA expression between the two groups and the ordinate displays the negative log 
of the P‑value. The difference in expression between the two groups increases as the abscissa absolute value increases, and the significance of the differential 
expression increases with the size of the ordinate value. miRNA, microRNA; FC, fold change.
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the DE miRNAs were determined by GO analysis. The TGs 
of DE miRNAs in the endplate chondrocyte exosomes were 
found to be clearly associated with the biological processes 
‘biological regulation’, ‘signaling’, ‘localization’, ‘cellular 
component organization or biogenesis’, ‘developmental 
process’, ‘multicellular organismal process’, ‘response to 
stimulus’, ‘metabolic process’, ‘single‑organism process’ and 
‘cellular process’ (Fig. 6).

‘Antioxidant activity’, ‘structural molecule activity’, 
‘transcription factor activity, protein binding’, ‘nucleic acid 
binding transcription factor activity’, ‘transporter activity’, 
‘molecular function regulator’, ‘molecular transducer activity,’ 
‘signal transducer activity’, ‘catalytic activity’ and ‘binding’ 
are among the molecular functions found to be influenced by 
the predicted TGs of DE miRNAs in endplate chondrocyte 
exosomes (Fig. 6).

‘Membrane‑enclosed lumen’, ‘extracellular region part’, 
‘macromolecular complex’, ‘membrane part’, ‘organelle part’, 
‘membrane’, ‘organelle’ and ‘cell’ were among the cellular 
components suggested to be altered by the projected TGs of 
DE miRNAs in the endplate chondrocyte exosomes (Fig. 6).

KEGG pathways enriched in the TGs of DE miRNAs 
from endplate chondrocyte exosomes. KEGG pathway 
analysis revealed that the TGs of the most significant 
miRNAs were enriched in the following pathways: ‘Axon 
guidance’, ‘glutamatergic synapse’, ‘glycosaminoglycan 

biosynthesis‑heparan sulfate/heparin’, ‘lysine degradation’, 
‘phototransduction’, ‘protein digestion and absorption’, 
‘basal cell carcinoma’, ‘bladder cancer’, ‘Hippo signaling 
pathway‑multiple species’ and ‘microRNAs in cancer’ 
(Fig. 7).

Endplate chondrocyte‑derived exosomes are taken up by NP 
cells and influence aggrecan and Col1A and ‑2A expression. 
When chondrocyte‑derived exosomes were co‑cultured with 
NP cells, DiI‑labelled pre‑ and post‑degradation exosomes 
were visible by their red fluorescence in the cytoplasm of 
NP cells (Fig. 8A), indicating that the exosomes were taken 
up by the NP cells. Following the co‑culture of pre‑ and 
post‑degeneration exosomes with NP cells, the aggrecan and 
Col2A contents in the pre‑degeneration exosome group were 
higher than those in control and post‑degeneration exosome 
groups (P<0.01), while the Co11A contents in the pre‑degen‑
eration exosome group were lower than those in control and 
post‑degeneration exosome groups (P<0.01; Fig. 8B and C). In 
addition, the RT‑qPCR results indicated that the expression of 
aggrecan and Col2A in the pre‑degeneration exosome group 
was higher than that in the post‑degeneration exosome group 
(P<0.05), the Col1A contents in the pre‑degeneration exosome 
group were lower than those in control groups (P<0.01), 
however, there was no significant difference in the expression 
of Col 1A in pre‑ and post‑degeneration exosomes (P>0.05; 
Fig. 8D).

Figure 4. MA plot of differentially expressed microRNA. FC, fold change; TPM, transcripts per million.
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Comparison of RNA concentration and purity after the 
co‑culture of exosomes and NP cells. When NP cells were 
co‑cultured with 20 µg/ml pre‑ and post‑degeneration 
exosomes, the total RNA concentration in the post‑degenera‑
tion exosome group was lower than that in the pre‑degeneration 
exosome group (Table V).

Discussion

The results of the present study revealed that rat endplate 
chondrogenic exosomes have unique miRNA expression 
patterns before and after degeneration. sRNA sequencing was 
performed for the pre‑ and post‑degeneration exosomes and 
a total of 479 miRNAs were found, comprising 190 newly 
predicted miRNAs and 289 known miRNAs. The miRNA 
abundance in the two types of exosomes was assessed and 
the DE miRNAs were identified. A total of 14,982 predicted 
miRNA TGs were identified, and functional annotation and 
enrichment analysis of the TGs were carried out. To the best of 
our knowledge, this is the first account of the sRNA sequencing 
of rat chondrogenic exosomes.

Exosomes are tiny molecular cellular vesicles that are 
produced by the majority of body cells and range in size from 
30 to 150 nm (4‑6). Proteins, lipids, metabolites, mRNAs, 
miRNAs and ncRNAs can be carried by exosomes (7‑9). In the 
present study, NTA indicated that the exosomes derived from 
the rat endplate chondrocytes comprised 100‑nm particles. 
In addition, the exosome markers alix, HSP70, flotillin and 
annexin V were detected in the particles by WB analysis, which 
is consistent with the recognized properties of exosomes (41).

In the present study, the chondrocyte‑derived exosomal 
miRNA signature of the rat endplate was identified pre‑ and 

Figure 5. Differentially expressed microRNAs analyzed by hierarchical clus‑
tering. The colour represents the gene expression level in the sample‑highly 
expressed miRNAs are displayed in red and lowly expressed miRNAs in 
green. T01, pre‑degeneration exosomes; T02, post‑degeneration exosomes.

Table IV. Numbers of target gene annotations and mRNAs of 
different lengths (n).

Annotation
database Annotated  300≤length<1,000 Length>1,000

COG 4,875 288 4,586
GO 11,534 1,250 10,266
KEGG 10,046 955 9,084
KOG 10,238 646 9,585
Pfam 14,063 1,460 12,585
Swiss‑Prot 14,591 1,504 13,068
eggNOG 14,596 1,423 13,159
nr 14,934 1,633 13,270
All 14,954 1,645 13,275

COG, Clusters of Orthologous Groups of Proteins; GO, Gene 
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; 
KOG, Eukaryotic Orthologous Groups.

Table V. Total RNA concentration and purity.

 Concentration
Group (ng/µl) OD260/280

Pre‑degeneration exosomes 37.16 1.99
Post‑degeneration exosomes 31.59 2.01
Control 59.39 2.01

OD260/280, ratio of optical density at 260 and 280 nm.
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post‑degeneration. The significantly upregulated miRNAs 
in the post‑degeneration exosomes included let‑7i‑5p, 
miR‑146a‑5p and miR‑29a‑3p, and the significantly downregu‑
lated miRNAs included miR‑1b, miR‑206‑3p, miR‑133a‑3p 
and miR‑1‑3p.

Among the DE miRNAs identified in the present study, 
miR‑146a‑5p and miR‑222‑3p have been linked to IVDD 
previously. According to a study conducted by Xi et al (42), 
the overexpression of HCG18 sponges miR‑146a‑5p in NP 
cells in vitro, thereby inhibiting proliferation by inducing 
S‑phase cell cycle arrest and apoptosis, attracting macro‑
phages and promoting hypercalcification. miR‑146a‑5p 
was also shown to be substantially upregulated in the 
knee cartilage tissues of patients with osteoarthritis in a 
study by Zhang et al (43). Furthermore, the downregula‑
tion of mir‑146a‑5p facilitated chondrocyte autophagy and 
prevented chondrocyte death in vivo and in vitro. These 
findings imply that chondrocyte death may be promoted 
by the elevated miR‑146a‑5p concentration of exosomes. A 
study by Liu et al (44) demonstrated that the overexpres‑
sion of miR‑222‑3p markedly increased the apoptosis of 

NP cells and decreased their proliferation. The study also 
observed that miR‑222‑3p expression was much greater 
in degenerated intervertebral disc tissues than in normal 
intervertebral disc tissue, and that miR‑222‑3p reduced the 
formation of aggrecan and Col II while increasing that of 
matrix metalloproteinase‑3. Based on these findings, we 
hypothesize that miR‑146a‑5p and miR‑222‑3p may be suit‑
able IVDD therapy targets.

GO and KEGG analyses were conducted to predict the 
roles of the dysregulated miRNAs in IVDD. The KEGG 
pathways associated with the TGs of the miRNAs included 
‘Axon guidance’, ‘glutamatergic synapse’, ‘glycosami‑
noglycan biosynthesis‑heparan sulfate/heparin’, ‘lysine 
degradation’ and ‘phototransduction’. IVDD may be asso‑
ciated with human brain development and mental health 
since axon guidance is a crucial step in the building of 
neuronal networks. In a bioinformatics analysis of anxiety 
disorder, Fan et al (45) found that various pathways associ‑
ated neuronal brain functioning, including glutamatergic 
synapses and axon guidance, were significantly enriched. 
It is noteworthy that individuals with lower back pain 

Figure 6. Gene Ontology analysis showing the major biological process, cellular component and molecular function categories predicted to be regulated by the 
target genes of DE microRNAs in rat endplate chondrocyte exosomes. DE, differentially expressed.
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often experience anxiety and depression (46). Heparan 
sulfate/heparin‑based glycosaminoglycan production has 
also been linked with IVDD. The ability of the negatively 
charged glycosaminoglycan side chains bound to the NP 
to electrostatically attach polar water molecules is crucial 
for maintaining adequate hydration and enabling the disc 
to deform reversibly under compression loads (47). The 
gradual loss of extracellular matrix molecules, notably 
glycosaminoglycan‑substituted proteoglycans, is a distin‑
guishing feature of IVDD, which often coexists with low 
back and neck pain (48). Exosomes may play a significant 
role in IVDD via the aforementioned mechanisms; however, 
findings concerning the effects of lysine degradation and 
phototransduction on IVDD are limited.

Finally, to investigate the effect of exosomes derived from 
endplate chondrocytes on NP cells, pre‑ and post‑degeneration 
exosomes were co‑cultured with NP cells, and the expression 
levels of aggrecan, Col1A and Col2A were analyzed using 

WB and RT‑qPCR with GAPDH as a control. The WB 
results showed that the contents of aggrecan and Col2A in the 
pre‑degeneration exosome group of NP cells were higher than 
those in the control and post‑degeneration exosome groups, 
and the content of Col1A in the pre‑degeneration exosome 
group was lower than that in the control and post‑degeneration 
exosome groups. Assessment of the RNA extracted from the 
NP cells revealed that the total RNA concentrations of the 
pre‑degeneration exosome and control groups were higher 
than that of the post‑degeneration exosome group. In addi‑
tion, RT‑qPCR showed that the expression levels of aggrecan 
and Col2A mRNA in the pre‑degeneration exosome group 
were higher than those in the post‑degeneration exosome 
group, while the expression of Col1A in the pre‑degeneration 
exosome group was lower than that in the post‑degeneration 
exosome group. The results show that normal exosomes 
secreted by pre‑degeneration endplate chondrocytes upregu‑
lated the protein expression levels of aggrecan and Col2A 

Figure 7. Kyoto Encyclopedia of Genes and Genomes Endplate pathways enriched in the target genes of differentially expressed microRNAs in rat endplate 
chondrocyte exosomes.
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and the mRNA expression of Col2A, and downregulated the 
protein and mRNA expression levels of Col1A in NP cells. 
However, following the co‑culture of degraded exosomes 
with NP cells, the protein and mRNA expression levels of 
aggrecan and Col2A were decreased while those of Col1A 
were increased compared with the respective levels in NP 
cells co‑cultured with pre‑degeneration exosomes. These 
results suggest that chondrocyte‑derived exosomes may 
enhance the proliferation of NP cells, thus playing a role in 
the prevention and treatment of IVDD.

It is important to consider the limitations of the present 
study. Although rats are among the most frequently utilized 
animal models of IVDD, DE miRNAs require further assess‑
ment in human exosomes as well as other animal models.

In conclusion, the present study indicates that specific 
miRNAs may be carried by exosomes during IVDD, 

which differ from those pre‑degeneration. The DE 
miRNAs and their TGs may serve as prospective targets 
for the identification, prevention and treatment of IVDD. 
However, the functions of DE endplate chondrogenic 
exosomal miRNAs in the etiology of IVDD require further 
investigation.
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