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Abstract 

Objectives: Intervertebral disc degeneration (IDD) is widely accepted as a cause of low back pain and 
related degenerative musculoskeletal disorders. Nucleus pulposus (NP) cell apoptosis which is related to 
excessive endoplasmic reticulum (ER) stress in the intervertebral disc (IVD) could aggravate IDD 
progression. Many studies have shown the therapeutic potential of exosomes derived from bone marrow 
mesenchymal stem cells (MSC-exos) in degenerative diseases. We hypothesized that the delivery of 
MSC-exos could modulate ER stress and inhibit excessive NP cell apoptosis during IDD. 
Methods: The ER stress levels were measured in normal or degenerative NP tissues for contrast. The 
effects of MSC-exos were testified in advanced glycation end products (AGEs) -induced ER stress in 
human NP cells. The mechanism involving AKT and ERK signaling pathways was investigated using RNA 
interference or signaling inhibitors. Histological or immunohistochemical analysis and TUNEL staining 
were used for evaluating MSC-exos therapeutic effects in vivo. 
Results: The ER stress level and apoptotic rate was elevated in degenerative IVD tissues. MSC-exos 
could attenuate ER stress-induced apoptosis by activating AKT and ERK signaling. Moreover, delivery of 
MSC-exos in vivo modulated ER stress-related apoptosis and retarded IDD progression in a rat tail model. 
Conclusions: These results highlight the therapeutic effects of exosomes in preventing IDD 
progression. Our work is the first to demonstrate that MSC-exos could modulate ER stress-induced 
apoptosis during AGEs-associated IVD degeneration. 

Key words: Mesenchymal stem cells, exosomes, advanced glycation end products, endoplasmic reticulum stress, 
intervertebral disc degeneration 

Introduction 
Intervertebral disc degeneration (IDD) is 

considered as the leading cause of low back pain, 
resulting in a great burden on the global health care 
system [1]. The intervertebral disc (IVD) is composed 
of the inner nucleus pulposus (NP) and outer annulus 
fibrosus (AF), which functions as the load-bearing and 
buffering unit of the spine [2]. Located in the inner 

disc, NP cells mainly produce and maintain the 
extracellular matrix (ECM). It is accepted that IDD 
progression is initiated and accelerated by the 
depletion of NP cells and degradation of ECM [3]. 
Inhibiting the apoptosis of NP cells during IDD could 
be an effective way to prevent or reverse disc 
degeneration. 
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Advanced glycation end products (AGEs) are 
formed by non-enzymatic reaction of reducing sugars 
with free amino groups of macromolecules, also 
called the Millard reaction [4]. AGEs usually 
accumulate in aging and degenerative tissues, and are 
closely related to inflammation, metabolic 
dysfunction and endoplasmic reticulum (ER) stress, 
especially in collagen-rich tissues [5-7]. AGEs can 
induce ER stress and then activate the unfolded 
protein response (UPR) through crucial 
transmembrane proteins in ER [4, 8, 9]. Initiated by 
the UPR, the C/EBP homologous protein (CHOP), a 
downstream growth arrest gene, is transcriptionally 
activated and controls the expression of 
apoptosis-related genes and induces cell apoptosis 
under severe ER stress [10]. CHOP has been verified 
as a crucial mediator in ER stress-induced apoptosis 
signaling [11-13]. A study showed that silencing of 
CHOP could inhibit AF cell apoptosis and ameliorate 
IDD in a rat model [14]. Accumulating evidence 
suggests that AGEs accumulate in IVD tissues and 
became a crucial mediator during IDD progression 
[15-17]. Previous studies also demonstrated that the 
deposition of AGEs elicits both inflammation and 
oxidative stress in IVD and promote the process of 
IDD [7, 18]. Accumulation of AGEs in organs or 
tissues induces severe ER stress and results in cell 
death through the UPR hyperactivation and 
downstream activation of caspases [4]. Consequently, 
inhibition of AGEs-induced ER stress could be a 
therapeutic target for IDD treatment. 

Therapeutic methods for IDD focus on the 
restoration of apoptotic, damaged or aging NP cells, 
and mesenchymal stem cells (MSC) are considered as 
a potential choice for disc repair [3, 19, 20]. MSC 
transplantation ameliorates the progression of IDD 
partly through supplementing exhausted NP cells or 
attenuating excessive cell apoptosis during IDD [21]. 
Accumulating evidence has revealed the role of MSC 
paracrine factors in maintaining the proliferation and 
reducing the apoptosis of NP cells [22, 23]. 
Interestingly, MSCs are found to transfer specific 
types of extracellular vesicles, such as exosomes, to 
achieve their therapeutic paracrine effects [24]. 
MSC-derived exosomes are bilayer vesicles of 50-200 
nm diameter, containing various cytokines, signaling 
proteins or lipids, and regulatory nucleic acids [25, 
26]. Exosomes, a cell-free mediator, are involved in 
cell-to-cell communication, cell signaling and 
metabolism modulation, and play a crucial role in 
MSC-based therapy [27]. Transplantation of exosomes 
into target cells can alter cell signaling related to 
proliferation, differentiation, autophagy or apoptosis 
and many other cellular activities [28, 29]. However, 
the underlying mechanisms of exosomes-based 

therapy are not fully understood and deserve to be 
further explored. 

Our previous study has shown that AGEs 
accumulate in NP tissues and correlate with the 
Pfirrmann grades of IVD [18]. In the present study, we 
measured the expression levels of ER stress marker 
and UPR related gene in normal and degenerative NP 
tissues. The in vitro studies revealed that AGEs 
promoted NP cell apoptosis by inducing ER stress 
with the UPR activation, and exosomes derived from 
bone marrow MSC (MSC-exos) could attenuate the 
apoptotic rates in human NP cells. Moreover, we 
designed experiments and testified that MSC-exos 
could attenuate the AGEs-induced ER stress through 
activating AKT and ERK signaling pathways in vitro. 
Meanwhile, the therapeutic effect of MSC-exos 
injection on IDD was tested in vivo using a rat tail 
model. Our study offers new insights into the 
mechanisms of ER stress-related apoptosis in human 
NP cells and the application of MSC-exos as a therapy 
for IDD. 

Materials and methods 
NP cells isolation and culture 

All the experimental protocols were approved 
by the Ethics Committee of Tongji Medical College, 
Huazhong University of Science and Technology. 
With informed consent from the patients, normal NP 
tissues were collected from patients (n = 15, 7 males 
and 8 females, aged 13-24 years, mean age 18.8 years) 
who underwent surgery for idiopathic scoliosis and 
degenerative NP tissues were obtained from patients 
(n = 15, 6 males and 9 females, aged 26–64 years, mean 
age 43.2 years) who underwent surgery for disc 
excision and spinal fusion surgery. The degenerative 
grade of human NP tissue samples was classified by 
the Pfirrmann grades according to magnetic 
resonance images of the patients as previously 
described [18]. Human NP tissues were cut into pieces 
and enzymatically digested in 0.2% type II 
collagenase (Gibco) and 0.25% trypsin (Gibco) for 3 h. 
After being filtered and washed in PBS, the 
suspension was centrifuged, and the isolated cells 
were cultured in Dulbecco’s modified Eagle medium 
(DMEM) containing 15% fetal bovine serum (FBS) 
(Gibco) and 1% penicillin-streptomycin (Invitrogen). 
The culture medium was replaced twice every week 
and NP cells from the second or third passage were 
used in the following experiments. 

Isolation and identification of mesenchymal 
stem cells 

Human bone marrow specimens were harvested 
from the iliac crests of healthy volunteer donors. The 
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donors provided informed consent for their tissues to 
be used in this experiment. MSCs from bone marrow 
were isolated by density gradient centrifugation and 
adherence to tissue culture plastic. Cells were 
expanded in DMEM containing 15% FBS and 1% 
penicillin-streptomycin. The cells from the second or 
third passage were used in the following experiments. 
For the detection of cell surface markers, MSCs were 
characterized by positive expression of CD73, CD90 
and CD105 and negative expression of CD34 and 
HLA-DR using flow cytometry (BD Biosciences, USA) 
according to the manufacturer’s instructions. 
Fluorescein isothiocyanate (FITC)-labeled anti-human 
CD90, CD105, and phycoerythrin (PE)-labeled 
anti-human CD73, CD34, HLA-DR were all 
purchased from BD Biosciences. Moreover, the 
multi-lineage differentiation potential of MSCs was 
determined in osteogenic, chondrogenic, and 
adipogenic differentiation mediums, respectively 
(Cyagen, China). After cells were cultured in 
respective induction mediums according to standard 
protocols, Alizarin red staining, Oil red O staining 
and Alcian blue staining were performed to confirm 
each lineage differentiation, respectively. 

Exosomes isolation and characterization 
MSCs were cultured in DMEM deprived of FBS 

for 2 days. Then the culture media were harvested 
and centrifuged at 500 g for 10 min, 2000 g for 30 min 
to remove dead cells and debris, then 10000 g for 1 h 
to remove large vesicles. Next, we transferred the 
supernatant containing cell-free culture media to a 
new tube without disturbing the pellet and added the 
Total Exosome Isolation reagent (Invitrogen) in strict 
accordance with the manufacturer's instructions. 
After collecting the isolated exosomes, morphology 
was observed using Transmission Electron 
Microscopy (TEM) (FEI Tecnai G20 TWIN), and the 
number and size distribution of exosomes were 
analyzed by nanoparticle trafficking analysis (NTA) 
using the NANOSIGHT NS300 system (Malvern, UK) 
according to manufacturer’s instructions. The 
particles were characterized by the expression of 
exosomal markers, such as Alix, TSG101, and CD63 
using Western blot analysis. 

Uptake of exosomes by NP cells 
Purified MSC-exosomes were incubated with 

PKH26 (Sigma-Aldrich) for 5 min at room 
temperature. After washed in PBS and centrifuged at 
110000 g for 90 min, the exosomes were suspended in 
basal medium and incubated with NP cells for 12 h at 
37 °C. Then stained by 0.1 g/mL 4-6-diamidino-2- 
phenylindole (DAPI) (Beyotime, Nantong, China) for 
5 min, the NP cells were placed under a fluorescence 

microscope (Olympus, BX53; Melville, NY, USA) for 
image capture. 

Western blot analysis 
Total proteins were isolated using a protein 

extraction kit (Beyotime, Nantong, China) according 
to standard protocols. The antibodies used were: 
CD63 (1:1000), TSG101 (1:1000), Alix (1:1000), GRP78 
(1:2000), GRP94(1:1000), CHOP (1:1000), caspase-3 
(1:500), caspase-12 (1:1000) (Proteintech), p-PERK 
(1:1000), PERK (1:1000), ATF6 (1:1000), p-IRE1α 
(1:1000), IRE1α (1:1000) (Abcam), ERK (1:1000), p-ERK 
(1:1000), AKT(1:1000), p-AKT (1:1000), and GAPDH 
(1:1000) (Cell Signaling Technology). Horseradish 
peroxidase (HRP) -conjugated secondary antibodies 
(Santa Cruz Biotechnology) were used and protein 
bands were visualized and detected using an 
enhanced chemiluminescence system. GAPDH was 
used for normalization. The experiments were 
performed in triplicate. 

Quantitative real-time polymerase chain 
reaction (qRT-PCR) 

Total RNA was extracted with Trizol reagent 
(Invitrogen) from NP tissues and cultured cells, 
reverse-transcribed and amplified by qRT-PCR 
according to manufacturer's instructions. The primers 
used for qRT-PCR were as follows: Homo GRP78, 
forward 5’-CATCACGCCGTCCTATGTCG-3’, reverse 
5’-CGTCAAAGACCGTGTTCTCG-3’. Homo CHOP, 
forward 5’-CCCTCACTCTCCAGATTCCAGTC-3’, 
reverse 5’-CTAGCTGTGCCACTTTCCTTTCA-3’. 
Homo ATF4, forward 5’-CGAGGTGTTGGTGGGGG 
ACTTGA-3’, reverse 5’- CAACCCATCCACAGCCA 
GCCATT-3’. Homo XBP1, forward 5’-AACCTGTA 
GAAGATGACCTCGTTCC-3’, reverse 5’-AAAGAGT 
TCATTGGCAAAAGTGTCC-3’. Homo GAPDH, 
forward 5’-TCAAGAAGGTGGTGAAGCAGG-3’, 
reverse 5’-TCAAAGGTGGAGGAGTGGGT-3’. 
GAPDH was used for normalization. The experiments 
were performed in triplicate. 

Immunofluorescence analysis 
Immunofluorescence analysis was performed as 

previously described [30]. Briefly, NP cells or tissues 
attached to slides were fixed with 4% 
paraformaldehyde, then permeabilized with 0.2% 
Triton X-100 in PBS. The slides were washed in PBS 
and blocked with 2% bovine serum albumin (BSA) in 
PBS for 2 h at 37 °C, and then incubated with primary 
antibodies against: GRP78 (1:50), GRP94 (1:50), CHOP 
(1:100), caspase-3 (1:50), or caspase-12 (1:100) 
(Proteintech). After washed twice, the slides were 
subsequently treated with secondary goat anti-rabbit 
antibody (Boster) at 37 °C for 2 h. Nuclei were 
co-stained for 5 min with 0.1 g/mL DAPI (Beyotime, 
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Nantong, China), and images were captured under a 
microscope (Olympus, BX53; Melville, NY, USA). 

Terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) staining 

TUNEL staining was used to evaluate cell 
apoptosis. The cells were fixed in 4% 
paraformaldehyde for 1 h at room temperature and 
then treated with 0.5% TritonX-100 for 10 min. After 
washed with PBS, the cells were incubated with the 
cell death detection kit (Roche, Basel, Switzerland) 
according to the manufacturer’s instructions. Nuclei 
were co-stained for 5 min with 0.1 g/mL DAPI 
(Beyotime, Nantong, China), and images were 
captured under a microscope (Olympus, BX53; 
Melville, NY, USA). 

RNA interference 
Knockdown of CHOP in NP cells was realized 

by transfected with short interfering RNA (siRNA). 
Si-RNA against CHOP (si-CHOP) and scrambled 
siRNA (si-NC) were synthesized by RiboBio 
(Guangzhou, China) and transfected with 
Lipofectamine 2000 (Invitrogen) according to the 
standard protocol. The sequences of siRNA were as 
follows: CHOP-homo-173, 5’-GCUGAGUCAUUGC 
CUUUCUTT-3’ and 5’-AGAAAGGCAAUGACUCAG 
CTT-3’. CHOP-homo-247, 5’-GGUCCUGUCUUCAG 
AUGAATT-3’ and 5’-UUCAUCUGAAGACAGGAC 
CTT-3’. CHOP-homo-520, 5’-GCGCAUGAAGAAG 
AAAGAATT-3’ and 5’-UUCUUUCCUUCAUGCG 
CTT-3’. Si-NC, 5’-UUCUCCGAACGUCACGUTT-3’ 
and 5’-ACGUGACACGUUCGGAGAATT-3’. After 
achieving high silencing efficiency, the NP cells were 
used in following treatment group. 

Animal experiments 
The animal experiments were conducted 

following a protocol approved by the Animal 
Experimentation Committee of Huazhong University 
of Science and Technology. A total of 25 
three-month-old Sprague-Dawley rats were used for 
the in vivo experiments. Among them, 5 rats remained 
intact. After the animals were anesthetized with 2% 
(w/v) pentobarbital (40 mg/kg), three IVDs (Co7/8, 
Co8/9 and Co9/10) in each rat were located by 
palpation on the coccygeal vertebrae and confirmed 
by trial radiography. To evaluate the therapeutic 
effect of exosomes on IDD, three rat IVDs (Co7/8, 
Co8/9 and Co9/10) were underwent for the different 
treatments accordingly. More concretely, the three 
IVDs (Co7/8, Co8/9 and Co9/10) were accepted for 
intradiscal injection of PBS, AGEs (200 μg/mL) or a 
mixture of AGEs (200 μg/mL) and exosomes (100 
μg/mL), respectively, at the same total injection 
volume (2 μL), using a 33-gauge needle (Hamilton, 

Benade, Switzerland) [31, 32]. The injections were 
performed every two weeks for two months.  

Histologic analysis 
Animals were euthanized, and the discs were 

harvested. The specimens were decalcified and fixed 
in formaldehyde, dehydrated, then embedded in 
paraffin. The slides of each disc were stained with 
hematoxylin-eosin (HE) and assessed with a 
histological grading scale [33]. The sections were 
deparaffinized and rehydrated, and then microwaved 
in 0.01 mol/L sodium citrate for 15 min. Next, 3% 
hydrogen peroxide was used to block endogenous 
peroxidase activity for 10 min, and 5% bovine serum 
albumin was used to block nonspecific binding sites 
for 30 min. The sections were then incubated with 
primary antibody (CHOP, 1:100), (GRP78, 1:50), 
(caspase-3, 1:50) (Proteintech) overnight at 4 °C. 
Finally, the sections were incubated with an 
HRP-conjugated secondary antibody (Santa Cruz 
Biotechnology) and counterstained with hematoxylin. 
All tests were performed on at least three sections 
from each specimen. 

Statistical analysis 
Data are presented as the mean ± standard 

deviation of at least three independent experiments. 
Statistical analyses were performed using GraphPad 
Prism 7 software (La Jolla, CA, USA). Differences 
between group means were evaluated with Student's 
t-test or one-way ANOVA by analysis of variance. 
P-value < 0.05 shows a statistical significance. 

Results  
The expression of ER stress markers during 
the intervertebral disc degeneration 

ER stress was related to the pathogenesis of IDD 
and severe ER stress could induce excessive apoptosis 
in NP cells [34, 35]. To ensure whether ER stress was 
relevant to the progression of IDD, the expression 
levels of ER stress markers were evaluated in NP 
samples at different degenerative degrees. The NP 
samples included 8 at Grade II, 7 at Grade III, 8 at 
Grade IV and 7 at Grade V according to the Pfirrmann 
grades [18]. The histological degenerative degrees of 
NP tissues were measured by HE, Alcian blue, and 
Masson staining (Fig. 1A). A marker for ER stress, 
GRP78, and a downstream protein initiated by the 
UPR, CHOP, were measured by western blot analysis 
in all NP tissue samples (Fig. 1B-D). In addition, the 
expression levels of GRP78 and CHOP were detected 
by qRT-PCR in all specimens (n = 30). Increasing 
levels of GRP78 and CHOP expression were found to 
positively correlate with Pfirrmann grades of IDD 
(Fig. 1E-F). Immunofluorescence analysis showed that 



 Theranostics 2019, Vol. 9, Issue 14 
 

 
http://www.thno.org 

4088 

the levels of caspase-3 and caspase-12 expression were 
higher in the degenerative NP tissue samples 
compared with normal samples (Fig. 1G-H). These 

results indicate that ER stress marker expression and 
ER stress-related apoptosis increase during the 
progression of IDD. 

 

 
Figure 1. ER stress level during IDD in human NP tissues. (A) Representative histological images of normal or degenerative NP tissues in HE, Alcian blue and Masson staining. 
Magnification: 400 ×. Histological grades of NP tissues were evaluated and analyzed. *P < 0.05. (B-D) The protein levels of GRP78 and CHOP were analyzed by western blot 
analysis (B) and the relative quantitative data (C, D) was calculated accordingly. GAPDH was used as an internal control. *P < 0.05 vs NC group. (E) GRP78 mRNA level was 
measured by qRT-PCR in normal and degenerative NP tissues (left panel). A correlation between GRP78 mRNA level and Pfirrmann grades of NP tissues (n = 30) was determined 
by nonparametric linear regression (right panel). (F) CHOP mRNA level was analyzed by qRT-PCR (left panel) and linear regression confirmed a correlation between CHOP 
mRNA level and Pfirrmann grades of NP tissues (n = 30) (right panel). (G-H) Representative images of caspase-3 (G) and caspase-12 (H) expression was detected by 
immunofluorescence analysis and the relative fluorescence intensity was calculated in normal and degenerative NP tissues. Magnification: 400 ×. *P < 0.05 vs NC group. 
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Identification of MSC-exos and internalization 
by NP cells 

Human MSCs were collected from the bone 
marrow aspirates of donors. Human MSCs were 
identified with a spindle-like appearance at about 
60-70% confluence (Fig. 2A). MSCs were cultured in 
osteogenic, adipogenic or chondrogenic medium to 
induce the multilineage differentiation, respectively 
(Fig. 2B). Flow cytometry analysis showed that MSCs 
were positive for the surface antigens CD73, CD90 
and CD105, and negative for CD34 and HLA-DR (Fig. 
2C). MSC-derived exosomes (MSC-exos) were 
isolated and purified from MSC culture medium. 
Nanoparticle trafficking analysis (NTA), transmission 
electron microscopy (TEM) and western blotting were 
used to characterize the diameter, morphology and 
protein markers of MSC-exos, respectively. The 
concentration of exosomes was 5.72×108 particles/mL 
and the mean diameter of particles was 94.3 nm as 
measured by the NTA system (Fig. 2D). A relative 
intensity three-dimensional plot showed a stereo 
picture of the size distribution (Fig. 2E). The 
morphology of these particles was confirmed in the 
TEM image (Fig. 2F). According to the western 
blotting results, the levels of exosomal marker 
proteins such as Alix, TSG101, CD63 were much 
higher in exosomes than cells (Fig. 2G). Moreover, 
PKH26-labeled exosomes were incubated with NP 
cells in order to determine the exosomes engulfment 
by NP cells. As shown in Fig. 2H, fluorescence-labeled 
exosomes were distributed throughout the cytoplasm 
of NP cells under fluorescent microscopy, indicating 
that the nano-sized vesicles were internalized by NP 
cells. 

MSC-exos reduced AGEs-induced ER stress 
and ameliorated NP cells apoptosis  

AGEs are thought to have detrimental effects on 
cells through inducing severe ER stress and excessive 
apoptosis [5, 8]. Exosomes from stem cells have been 
indicated as anti-apoptotic in various conditions and 
could be applied to regulating cell apoptotic events 
[22, 24]. To assess the effects of MSC-exos on the NP 
cells, we treated NP cells with 10, 50, or 100 μg/mL 
MSC-exos under AGEs (200 μg/mL) stimulation for 
24 h. Then, the expression levels of ER stress markers 
GRP78 and GRP94 were analyzed by western blot, 
and the quantitative protein levels were calculated 
(Fig. 3A). Immunofluorescence analysis also showed 
that GRP78 or GRP94-labeled cells were increased in 
the AGEs group and decreased significantly when 
co-treated with MSC-exos (Fig. 3B-C). It was indicated 
that MSC-exos could ameliorate AGEs-induced ER 
stress in a dose-dependent manner. Since severe ER 
stress could cause cell apoptosis, we next compared 

the activation level of caspase-3 and caspase-12 
between the different groups (Fig. 4A). 
Caspase-3-labeled or caspase-12-labeled cells 
increased in the AGEs treatment group and decreased 
when co-treated with MSC-exos (Fig. 4B-C). TUNEL 
analysis also suggested that the apoptosis rate was 
increased under AGEs treatment and decreased in the 
MSC-exos group in a dose-dependent manner (Fig. 
4D-E). Taken together, these results reveal that AGEs 
augment ER stress in human NP cells and treatment 
with MSC-exos exerts a protective effect by reducing 
ER stress-induced apoptosis. 

MSC-exos inhibited the activation of UPR 
under AGEs-induced ER stress in human NP 
cells 

It was previously shown that severe or prolong 
ER stress induced the over-activation of the UPR, 
resulting in excessive protein degradation and 
ultimately cell death [11]. To further investigate the 
role of MSC-exos in AGEs-induced ER stress, we 
determined whether MSC-exos treatment could 
regulate the UPR activation. The expression of three 
transmembrane proteins in the classical branches of 
the UPR, protein kinase-like endoplasmic reticulum 
kinase (PERK), inositol-requiring protein 1α (IRE1α), 
and activating transcription factor 6 (ATF6) were 
measured by western blot analysis (Fig. 5A). As 
expected, AGEs treatment induced increased 
expression of ATF6, phosphorylated IRE1α (p-IRE1α) 
and phosphorylated PERK (p-PERK), which indicated 
activation of the UPR (Fig. 5B). The transcription of 
UPR target genes, activating transcription factor 4 
(ATF4) and X-box binding protein 1 (XBP1) also 
increased accordingly (Fig. 5B-D). Moreover, a 
mediator of ER stress-related apoptosis, CHOP, was 
activated in transcription and protein levels under 
AGEs treatment (Fig. 5E). Interestingly, the 
expression of the downstream effectors ATF4, XBP1, 
and CHOP were all decreased significantly in the 
MSC-exos group compared with the AGEs group. 
Consequently, these data show that MSC-exos 
regulate the UPR activation in response to 
AGEs-induced ER stress in human NP cells. 

MSC-exos attenuated AGEs-induced ER 
stress-induced apoptosis through CHOP 
regulation in human NP cells 

Growing evidence has shown that the increased 
expression of CHOP could result in IVD cell apoptosis 
[14]. To confirm the relationship between CHOP and 
ER stress-related apoptosis, the effects of CHOP 
silencing in human NP cells were tested. CHOP 
silencing was realized by RNA interference and the 
silencing efficiency was measured at protein levels 
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(Fig. 6A) and transcriptional levels (data did not 
show). Silencing of CHOP or treatment with 
MSC-exos both significantly reduced caspase 
activation under the AGEs stimulation. When NP cells 
in the si-CHOP group were co-treated with MSC-exos 
(100 μg/mL), the inhibition of AGEs-induced 
caspases activation was even more apparent (Fig. 
6B-F). Immunofluorescence analysis indicated that 
caspase-3 and caspase-12-labeled cells were decreased 

significantly in the si-CHOP group with or without 
MSC-exos, compared with the si-NC group (Fig. 6F). 
Moreover, the TUNEL analysis results were 
consistent with the observations on caspase-3 and 
caspase-12 activation levels (Fig. 6G-H). Together, 
these data reveal that MSC-exos reduced the ER stress 
through the regulation of CHOP expression and 
attenuate ER stress-induced apoptosis under the 
AGEs treatment. 

 

 
Figure 2. Identification of human bone marrow MSC and exosomes (MSC-exos). (A) Representative images of MSC spindle-like morphology and adherence to plastic (scale bar: 
50 μm). (B) The ability of MSC to differentiate into the osteogenic, chondrogenic, and adipogenic lineages was confirmed by Alizarin Red staining (left panel, scale bar: 50 μm), 
Oil Red O staining (middle panel, scale bar: 20 μm) and Alcian blue staining (right panel, scale bar: 50 μm), respectively. (C) Cell surface markers (CD90, CD105, CD73, CD34 
and HLA-DR) of MSC was detected by flow cytometric analysis. (D) Particle size distribution of MSC-exos was measured by nanoparticle trafficking analysis (NTA). (E) A 
three-dimensional plot according to the NTA results showed the stereo picture of MSC-exos size distribution. (F) Typical image of MSC-exos morphology was captured by 
transmission electron microscopy (TEM) (Scale bar: 200 nm). (G) Protein markers of MSC-exos were detected by western blot analysis in exosomes and MSC cells. (H) 
Representative images of NP cells incubated with PBS or PKH26-labelled MSC-exos for 12 h. The nuclei of NP cells were stained by DAPI (blue). Magnification: 400 ×, scale bar: 
20 μm. 
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Figure 3. MSC-exos reduced the GRP78 and GRP94 expression under the AGEs stimulation. The human NP cells were treated with AGEs (200 μg/mL in 24 h except for in the 
control group. MSC-exos-10, 50, 100 indicates that 10, 50 or 100 μg/mL exosomes were used in the corresponding groups. (A) The protein levels of GRP78 and GRP94 were 
measured by western blot analysis and the relative quantitative data was calculated accordingly. GAPDH was used as an internal control. (B) Representative images of GRP78 
expression treated with different concentrations of MSC-exos under the stimulation of AGEs. The nuclei of NP cells were stained by DAPI. Magnification: 200 ×. (C) 
Representative images of GRP94 expression in different groups. The nuclei of NP cells were stained by DAPI. Magnification: 200 ×. (D) Quantitative analysis of fluorescence 
intensity using Image-Pro Plus 6.0 for GRP78 and GRP94 according to the immunofluorescence analysis results. Data were presented as the mean ± SD. *P < 0.05 vs. control 
group, #P < 0.05 vs. AGEs group. 

 

MSC-exos protected against AGEs-induced ER 
stress-induced apoptosis through AKT and 
ERK pathway in human NP cells 

Numerous studies have confirmed that AKT and 
ERK pathways could be activated by the delivery of 
exosomes [36, 37]. To further investigate the 

mechanism of MSC-exos in modulating ER stress, 
western blot analysis was carried out to measure the 
levels of AKT, p-AKT, ERK and p-ERK expression in 
human NP cells (Fig. 7A). The phosphorylated levels 
of AKT and ERK were both increased in the 
MSC-exos-treated group (100 μg/mL) compared with 
the AGEs group (Fig. 7B-C). The levels of CHOP 
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expression, caspase-3 and caspase-12 activation were 
also assessed by western blotting (Fig. 7D-G). 
Interestingly, the phosphorylation of both AKT and 
ERK was decreased under AGEs stimulation, and 
may be related to CHOP expression and caspase 
activation. MSC-exos treatment significantly activated 
the AKT and ERK signaling, which reduced CHOP 
expression and ultimately inhibited the cleavage of 
caspase-3 and caspase-12. However, the protective 
effects of MSC-exos were abrogated when the NP cells 
were treated with the AKT signaling inhibitor 
LY294002, or the ERK signaling inhibitor PD98059. 

Immunofluorescence analysis also showed that the 
CHOP, caspase-3 and caspase-12-labeled cells 
decreased in the MSC-exos group, but increased 
significantly with LY294002 or PD98059 co-treatment 
(Fig. 7H). Moreover, the TUNEL staining results 
suggested that MSC-exos decreased the apoptotic 
rate, while blockade of AKT or ERK signaling 
inhibited the anti-apoptotic effects of MSC-exos in 
vitro (Fig. 7I-J). These results indicate that MSC-exos 
protect against ER stress-related apoptosis partly 
through the activation of AKT and ERK signaling in 
human NP cells. 

 

 
Figure 4. MSC-exos attenuated the activation of caspase-3 and caspase-12 under the AGEs stimulation in human NP cells. The human NP cells were treated with AGEs (200 
μg/mL) in 24 h except for in the control group. MSC-exos-10, 50, 100 indicates that 10, 50 or 100 μg/mL exosomes were used in the corresponding groups. (A) Representative 
western blotting assay and quantitative analysis of cleaved caspase-3 and cleaved caspase-12 level. GAPDH was used as an internal control. (B) Representative images of caspase-3 
and caspase-12 expression treated with different concentrations of MSC-exos under the stimulation of AGEs. The nuclei of NP cells were stained by DAPI. Magnification: 200 ×. 
(C) Quantitative analysis of fluorescence intensity for caspase-3 and caspase-12 according to the immunofluorescence analysis results. (D) Representative images of TUNEL 
analysis in different group. The nuclei of NP cells were stained by DAPI. Magnification: 200 ×. (E) Quantitation of the ratio of apoptotic cells in total cells was measured according 
to the TUNEL staining. Data were presented as the mean ± SD. *P < 0.05 vs. control group, #P < 0.05 vs. AGEs group. 
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Figure 5. MSC-exos ameliorated the activation of UPR under the AGEs treatment. The MSC-exos group was cotreated with AGEs (200 μg/mL) and MSC-exos (100 μg/mL). (A) 
The protein expression levels of p-PERK, PERK, ATF6, p-IREα, IREα, XBP1, ATF4, and CHOP were measured by western blot analysis. GAPDH was used as an internal control. 
(B) Quantitative analysis of relative protein levels for p-PERK, ATF6, p-IREα, XBP1, ATF4, and CHOP. (C-E) The transcriptional levels of XBP1 (C), ATF4 (D) and CHOP (E) were 
analyzed by qRT-PCR. Data were presented as the mean ± SD. *P < 0.05 vs. control group, #P < 0.05 vs. AGEs group. 

 

MSC-exos reduced ER stress-related cell 
apoptosis and ameliorated the intervertebral 
disc degeneration in vivo 

To further investigate the therapeutic effects of 
MSC-exos on AGEs-induced IDD, an animal model of 
IDD was used in our experiment. Three independent 
discs of each rat were intradiscally injected with PBS, 
AGEs, or AGEs and MSC-exos, respectively. The 
degenerative grades of rat IVDs were assessed by MRI 
and X-ray examination at 0, 4 and 8 weeks after the 
intradiscal intervention (Fig. 8A-B). The percent disc 
height index (%DHI) was calculated according to the 
X-ray results (Fig. 8C). A low %DHI in AGEs-treated 
discs revealed degenerative changes indicating a 
collapsed or narrowing intervertebral space. 

Meanwhile, the Pfirrmann score was based on MRI 
results, and was used to evaluate the degree of IDD, 
which was lower in the MSC-exos group compared 
with the AGEs group (Fig. 8D). Histological staining 
and immunohistochemical analysis for CHOP, GRP78 
and caspase-3 also suggested that MSC-exos 
attenuated the AGEs-induced ER stress and cell 
apoptosis during IDD (Fig. 8E-F). Meanwhile, TUNEL 
staining revealed that the rate of TUNEL-positive cells 
was increased in the AGEs group and decreased 
significantly when discs were co-treated with AGEs 
and MSC-exos (Fig. 8G-H). Taken together, these 
results reveal that MSC-exos may inhibit the 
activation of AGEs-induced ER stress-related cell 
apoptosis and ameliorate IDD progression in vivo. 
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Figure 6. MSC-exos attenuated the AGEs-induced ER stress-induced apoptosis in human NP cells. The MSC-exos group was cotreated with AGEs (200 μg/mL) and MSC-exos 
(100 μg/mL). (A) There fragments of si-CHOP (173, 247 and 520) were synthesized and the silencing efficiency was assessed by the western blotting analysis. Data were 
presented as the mean ± SD. *P< 0.05 vs. control group. (B-E) Western blot analysis and the quantitative statistical analysis showed the protein levels of CHOP (C), cleaved 
caspase-12 (D) and cleaved caspase-3 (E) expression. GAPDH was used as an internal control. Data were presented as the mean ± SD. *P < 0.05 vs. control group, #P < 0.05 vs. 
AGEs group, $P < 0.05. (F) Representative images of caspase-3, caspase-12 and CHOP protein expression were detected by immunofluorescence staining. Magnification: 200 ×. 
(G-H) Representative images of TUNEL staining (G) and the quantitative statistical analysis (H) showed the rate of TUNEL-positive cells in different groups. Magnification: 200 
×. Data were presented as the mean ± SD. *P < 0.05 vs. control group, #P < 0.05 vs. AGEs group, $P < 0.05. 
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Figure 7. MSC-exos modulated the AGEs-induced ER stress through activating the AKT and ERK signaling in human NP cells. The MSC-exos group was cotreated with AGEs 
(200 μg/mL) and MSC-exos (100 μg/mL). (A) The protein levels of AKT, p-AKT, ERK and p-ERK were assessed by western blotting. LY294002 (LY) is a broad-spectrum inhibitor 
of PI3K/AKT. PD98059 (PD) could inhibit the phosphorylation of ERK1/2 efficiently. (B-C) Western blot analysis and the quantitative statistical analysis showed the protein levels 
of p-AKT (B) and p-ERK (C). (D-G) The protein levels of CHOP (E), cleaved caspase-12 (F), cleaved-caspase-3 (G) were measured by western blotting and analyzed statistically. 
GAPDH was used as an internal control. Data were presented as the mean ± SD. *P < 0.05 vs. control group, #P < 0.05 vs. AGEs group, $P < 0.05. (H) Representative images of 
caspase-3, caspase-12 and CHOP protein expression were assessed by immunofluorescence staining. Magnification: 200 ×. (I-J) Representative images of TUNEL staining (I) and 
the quantitative statistical analysis (J) showed the rate of TUNEL-positive cells in different groups. Magnification: 200 ×. Data were presented as the mean ± SD. *P < 0.05 vs. 
control group, #P < 0.05 vs. AGEs group, $P < 0.05. 
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Figure 8. MSC-exos ameliorated the ER stress-related apoptosis and retarded the IDD progression in vivo. (A) X-ray of rat tail with three independent discs at 0, 4, 8 weeks. 
White, blue and red arrows mean discs with PBS, AGEs or AGEs and MSC-exos injection respectively. (B) T2-weighted MRI of rat tail at 0, 4, 8 weeks. White, blue and red arrows 
mean discs with PBS, AGEs or AGEs and MSC-exos injection respectively. (C-D) Changes in DHI (%DHI) (C) based on the X-ray and Pfirrmann MRI grades (D) based on the MRI 
results in each group (n = 20 for each group). Data were presented as the mean ± SD. *P < 0.05. (E) Representative HE staining and immunohistochemical staining of GRP78, 
CHOP and caspase-3 expression in each group. Magnification: 25 × (scar bar = 500 μm) and 200 × (scar bar = 50 μm). (F) Histological grades were assessed according to the HE 
staining (n = 20 for each group). Data were presented as the mean ± SD. *P < 0.05. (G-H) Representative TUNEL staining images (G) of rat discs and the statistical analysis (H) 
of TUNEL-positive cells in each group. Data were presented as the mean ± SD. *P < 0.05. 
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Discussion 
Accumulating evidence has shown that MSC 

transplantation could ameliorate IDD progression 
through paracrine effects [21, 38]. Exosomes are a 
critical bioactive component of MSC secretion and 
may serve as an alternative to MSC-based therapy. In 
this study, we found that MSC-exos could protect NP 
cells against ER stress-induced apoptosis under the 
stimulation of AGEs in a dose-dependent manner. 
The anti-apoptotic effect of MSC-exos is partly 
mediated by the activation of AKT and ERK signaling 
through the inhibition of hyperactive ER stress and 
the UPR. Severe ER stress was induced by AGEs 
treatment and resulted in an accumulation of CHOP 
protein, which promoted the cleavage of caspase-12, 
caspase-3 in human NP cells. The supplementation 
with MSC-exos could attenuate the detrimental effects 
of AGEs in human NP cells. In addition, the in vivo 
study indicated that MSC-exos could ameliorate ER 
stress and play a protective role during IDD 
progression. 

Both AGEs and ER stress play important roles in 
the pathogenesis of IDD. Higher level of AGEs was 
detected in the degenerated disc, especially in 
individuals with diabetes mellitus [15, 18]. AGEs 
accumulation was related to hyperactive 
inflammation, diminished glycosaminoglycan, and 
loss of water content in IVD tissues [7, 15, 16, 39]. Our 
previous study also showed that AGEs promoted 
human NP cell death and IDD progression through 
aggravating oxidative stress and mitochondrial 
dysfunction [18]. Moreover, AGEs accumulation was 
demonstrated to induce ER stress, leading to cell 
apoptosis mainly through the induction of a 
prolonged UPR [40]. Our results revealed that the 
levels of GRP78 and CHOP expression were increased 
in degenerative disc tissues, indicating an increasing 
ER stress level in parallel with the accumulation of 
AGEs during IDD progression. The in vitro study also 
found that GRP78 and GRP94 were both up-regulated 
significantly in AGEs-treated human NP cells 
compared with the normal control. Collectively, 
AGEs accumulation in the IVD promoted the 
progression of IDD partly through inducing a 
prolonged and severe ER stress. Studies in diabetic 
mice have revealed that AGEs accumulation is 
associated with degenerative changes in IVD, 
including hyperactive extracellular matrix catabolism, 
loss of disc height and diminished water content [39]. 
Inhibition of AGEs deposition and AGEs-related ER 
stress may provide a therapeutic target in IDD 
treatment. 

The UPR, an evolutionarily conserved response 
induced by ER stress, could be activated to facilitate 

cells to adapt to ER stress and survive in stressful 
conditions [41]. However, severe or prolonged ER 
stress promotes UPR hyperactivation to result in 
excessive cellular proteins degradation and the final 
demise of the cell [10]. The UPR is triggered to elicit 
downstream cascades, including ATF4 and XBP1, 
which contribute to the expression of CHOP protein 
[8, 12, 13, 42]. The accumulation of CHOP protein 
could induce the cleavage of caspase-12 and 
caspase-3, resulting in cell apoptosis [11, 43]. A 
previous study has indicated that CHOP deletion 
could ameliorate ER stress and abrogate the 
pro-apoptotic effects induced by the accumulation of 
AGEs in chondrocytes [44]. On the other hand, CHOP 
overexpression was found to promote the activation 
of caspase-3 and cause an increased apoptotic rate 
[45]. Our discoveries revealed that knockdown of 
CHOP by si-RNA in human NP cells attenuated the 
activation of caspase-12 and caspase-3, and alleviated 
the ER stress-induced apoptosis. 

MSC transplantation has been proposed as an 
ideal approach for IVD regeneration because MSCs 
could protect against resident IVD cell death through 
the paracrine effects [46]. MSC-exos, as a component 
of MSC paracrine, could serve as an alternative to 
stem cell-based therapy [47]. Moreover, 
exosomes-based therapy could be applied between 
different individuals, even across species [48, 49]. 
MSC-exos have been applied in immunomodulation, 
wound healing, mediating inflammation and cell 
apoptosis regulation [36, 37, 50, 51]. In our study, 
accumulation of AGEs was found to promote CHOP 
expression and impaired NP cells. Treatment with 
MSC-exos ameliorated the UPR hyperactivation and 
decreased CHOP expression, which protected NP 
cells against excessive apoptosis ultimately. When 
cells were treated with an AKT antagonist or ERK 
antagonist, the anti-apoptotic effects of MSC-exos 
were significantly abrogated. These results indicate 
that MSC-exos could decrease the level of CHOP 
expression and reduce caspase activation in a severe 
ER stress condition. 

To date, exosomes are known as a conveyor to 
deliver cargoes from the parental cells to the recipient 
cells. The therapeutic mechanisms of MSC-exos could 
be explained by transmission of bioactive factors from 
MSCs to target cells through a stable bilayer 
membrane structure. Accumulating evidence has 
revealed that exosomal proteins or RNAs play a 
significant role in altering the cellular activities and 
functions of recipient cells [24, 25]. A recent study 
showed that exosomes from blood plasma could 
activate the AKT and ERK pathways to regulate 
angiogenesis and promote the expression of 
anti-apoptotic proteins [37]. Exosomal proteins, such 
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as CD73, were found to mediate the activation of AKT 
and ERK signaling [52]. AKT and ERK signaling are 
involved in cell proliferation and migration, and play 
a great role in the regulation of protein synthesis, cell 
apoptosis, and metabolism [52-54]. Impairing the 
AKT and ERK pathways was found to aggravate ER 
stress-related apoptosis and mitochondrial 
dysfunction [35]. Treatment with AGEs induced 
CHOP expression and promoted the 
dephosphorylation of AKT and ERK according to our 
results. Moreover, administration of MSC-exos 
restored the impaired AKT and ERK signaling, 
resulting in a decreased apoptotic rate in human NP 
cells. However, the protective effects of MSC-exos 
were removed when cells were cotreated with the 
PI3K/AKT inhibitor LY294002, or the ERK inhibitor 
PD98059. CHOP and cleaved-caspase-3 expression 
were both increased when AKT or ERK signaling was 
blocked. Consequently, it is reasonable to suggest that 
MSC-exos ameliorated ER stress-induced apoptosis 
partly through the activation of the AKT and ERK 
signaling pathways. 

We further investigated the role of MSC-exos in 
a rat tail model of IDD. Our previous study verified 
that disc injection of AGEs will trigger and accelerate 
IDD progression [18]. A suitable needle diameter and 
small injection volume will minimize the influence of 
the injection itself on IDD. In our study, we used a 
33-gauge needle for the delivery of MSC-exos, with a 
volume of 2 μL, in order to not accelerate the IDD 
process [31, 32]. In line with the results of our in vitro 
studies, the in vivo study also showed that MSC-exos 
were effective in ameliorating ER stress-related 
apoptosis in NP cells. Consistent with the profile of 
AGEs level, the expression of GRP78 and CHOP was 
increased in degenerative IVD tissues which indicated 
a prolonged ER stress condition during IDD 
progression. Treatment with MSC-exos decreased the 
expression of CHOP and GRP78, and ameliorated the 
IDD progression to some degree, according to 
histological assessment. Collectively, MSC-exos 
protected against NP cells apoptosis induced by AGEs 
and showed promise in retarding IDD progression. 

Exosomes derived from MSC have been testified 
the therapeutic potential in IVD regeneration. A 
recent study showed that MSC-exos could promote 
NP cell proliferation and enhance extracellular matrix 
production in vitro [23]. In addition, Cheng et al. 
found that MSC-exos inhibited NP cell apoptosis 
through the transfer of exosomal microRNA targeting 
on activating PI3K/AKT pathway [22]. In our study, 
we investigated the role of MSC-exos in ameliorating 
ER stress-induced apoptosis in human NP cells. 
Consistent with previous studies, we verified the 
therapeutic effects of MSC-exos on the IDD process. 

However, there are still some limitations with our 
study. Although our study found that the MSC-exos 
intervention attenuated ER stress-related apoptosis in 
NP cells through AKT and ERK signaling, further 
investigation is required to fully reveal the underlying 
mechanisms in MSC-exos modulation of ER stress. In 
addition, though the rat model used in our study 
could simulate the pathological development of IDD 
to some degree, the IVDs of rodents are different from 
mammals in both functional and biomechanical traits. 
Studies using IDD models involved in pigs, monkeys 
or goats are required in the further research. 

In summary, we demonstrated that the levels of 
ER stress markers and cell apoptosis are increased 
during IDD. MSC-exos could ameliorate ER 
stress-induced NP cells apoptosis under the AGEs 
stimulation in vitro. In addition, the transfer of 
MSC-exos into the disc could attenuate ER 
stress-related apoptosis during IDD and may reverse 
IDD progression in vivo. These findings offer new 
therapeutic opportunities for extracellular vesicles or 
exosomes in the treatment of IVD degeneration. 
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