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BMSC paracrine activity attenuates  
interleukin-1β-induced inflammation and  
apoptosis in rat AF cells via inhibiting relative  
NF-κB signaling and the mitochondrial pathway
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Abstract: We previously showed that bone mesenchymal stem cells (BMSCs) inhibit interleukin-1 beta (IL-1β) in-
duced degenerative effects in NP cells by their paracrine activity, but the anti-inflammatory and anti-apoptotic effect 
of BMSC paracrine activity and the relative signaling pathway were not further investigated in annulus fibrosus (AF) 
cells. In this study, AF cells were exposed to IL-1β, which was applied to mimic intervertebral disc degeneration (IDD) 
in vitro. Indirect co-culture with BMSCs in a transwell co-culture system reduced the activity of nuclear factor-κB-p65 
(NF-κB-p65) through the restoration of its inhibitor IκBa. Real time polymerase chain reaction (PT-PCR) and Western 
blotting revealed that the up-regulation of MMP-3 and MMP-13 induced by IL-1β were impeded by BMSC co-culture, 
and the decrease in aggrecan, collagen I and TIMP-1 were reversed. An ELISA showed that the increased inflamma-
tory factors, such as nitrite, prostaglandin E-2 (PGE-2), IL-6 and cyclooxygenase-2 (COX-2), were decreased by the 
BMSC co-culture. Furthermore, the apoptosis rate of AF cells were detected by flow cytometry, and the apoptosis-
related proteins, such as Bax, Bcl-2 and caspase-3, were analyzed by Western blotting and ELISA. The changes 
in mitochondrial membrane potentials were also detected by confocal microscopy. The results showed that IL-1β 
induced apoptosis of AF cells was attenuated by co-culturing, which suppressed the functions of the mitochondria 
function. We suggest that BMSC paracrine activity has an anti-inflammation effect and anti-apoptotic effect on IDD, 
and it is mediated, at least in part, via the relative NF-κF and mitochondrial apoptotic pathways in AF cells. 
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Introduction

Lower back pain is one of the major reasons for 
job-related disability in the United States. It is 
estimated that nearly 80% of adults will experi-
ence some form of back pain over their lifetime. 
In addition, almost 5% of sufferers become 
chronically disabled [1, 2]. Intervertebral disc 
degeneration (IDD) is one of the dominating 
contributing factors to lower back pain, which is 
characterized by increased activity of catabolic 
enzymes, decreased synthesis of proteoglycan, 
and excessive apoptosis of the disc cells [3-5]. 

Inflammatory mediators, such as interleukin-1 
beta (IL-1β), tumor necrosis factor-alpha, IL-8 
and IL-6, play a key role in IDD [6]. Many inves-

tigations have pointed out that IL-1β is a signifi-
cant catabolic cytokine involved in IDD, and it 
not only increased matrix-degrading enzyme 
activity but also enhanced excessive apoptosis 
in the NP and AF tissues [7, 8]. It has also been 
reported that IL-1β sensitizes annulus fibrosus 
(AF) cells to fluid-induced shear stress [9]. Thus, 
to disrupt the harmful effects of IL-1β, it is 
important to identify signaling pathways in 
charge of the effects of IL-1β and inhibit these 
pathways.

In the pathological process of IDD, the NF-κB 
signal pathway plays a crucial role in the activity 
of catabolic genes and inflammatory mediators 
[10]. NF-κB inhibition reversed the changes in 
protein expression of matrix metalloprotein-
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ase-3/13 (MMP-3/13), which are two major 
aggrecanases, a disintegrin and metallopro-
teinase with thrombospondin motifs 4/5 
(ADAMTS-4/5), aggrecan and collagen II in- 
duced by IL-1β in NP tissues [10, 11]. With disc 
degeneration and age, the expression of NF-κB 
has also been shown to be promoted in human 
intervertebrals (both NP and AF tissues), which 
correlates with accumulated oxidative stress 
[12]. In addition, a recent study confirmed that, 
with exposure to NF-κB inhibition, NF-κB nucle-
ar translocation induced by IL-1β was decreas- 
ed in AF cells and the expression of MMP-3, 
inducible nitric oxide synthase (INOS), prosta-
glandin E2 (PGE2) production and cyclooxygen-
ase-2 (COX-2) responded to combined inflam-
matory and mechanical stimulation [13]. Thus, 
it is necessary to block the catabolic effects of 
IL-1β and the NF-κB signal pathway in treat-
ment of IDD.

There are two main caspase-dependent path-
ways in the signaling pathways of apoptosis; 
i.e., intrinsic and extrinsic, which are mediated 
by mitochondria and death-receptors, respec-
tively [14]. The mitochondrial intrinsic pathway 
is mainly activated by various apoptotic signals 
including abnormal mechanical stress, serum 
deprivation, oxidative stress, cytokines, and 
nitric oxide [15]. The pro-apoptotic proteins 
(Bax and Bak) and the anti-apoptotic proteins 
(Bcl-2 and Bcl-xl) can result in the release of 
mitochondrial cytochromec, which combines 
with procaspase-9, apoptotic protease activat-
ing factor-1 (Aparf-1) and ATP to form the apop-
tosome [16]. Many assays have revealed that 
the intrinsic pathway, also known as the mito-
chondria pathway, plays an important part in 
apoptosis in IDD [15]. Previous studies have 
emphasized the significance of apoptosis in 
IDD by demonstrating an association between 
ECM degradation and intervertebral disc cellu-
lar loss [14]. Therefore, it is necessary to inhibit 
apoptosis and relative signaling pathways in 
the treatment of IDD.

Numerous studies have demonstrated the ther-
apeutic effect of mesenchymal stem cells 
(MSCs) on IDD in experimental models. These 
studies have drawn the conclusion that MSCs 
could promote the synthesis of the remaining 
ECM of NP and AF tissues as well as impedan- 
ce of inflammatory mediator expression and 
matrix-degrading enzyme activity, resulting in 
the structure of the IVD being maintained. The 

use of MSCs as a choice of treatment for disc 
degeneration is under extensive investigation 
[17]. Animal studies have also shown beneficial 
effects of MSCs on NP cell morphology and his-
tology in various disc degeneration models, 
although their mechanism of action remains 
unclear [18]. MSCs have recently been report-
ed to secrete anti-inflammatory cytokines and 
growth factors [19]. Some investigations have 
suggested that paracrine plays a vital role in 
the therapeutic capacity of BMSCs and empha-
sized that the effect of MSCs may be due in 
part to paracrine factors [20, 21]. The paracrine 
effect of BMSCs on IDD treatment has not been 
fully investigated, so we focused on the para-
crine mechanisms of BMSC treatment for disc 
degeneration.

To better understand the therapeutic capacity 
of BMSCs on the pathogenesis of IDD, the aim 
of our study was to explore the protective 
effects of BMSCs on AF cells in vitro. By means 
of a transwell co-culture system, both BMSCs 
and AF cells were challenged with the inflam-
matory cytokine IL-1β. We hypothesized that 
paracrine factors secreted by BMSCs may have 
an anti-inflammatory and anti-apoptotic effect 
on IL-1β induced AF cells and its relative signal 
pathways were studied.

Materials and methods

Ethics statement 

The male Sprague-Dawley rats (weight, 100-
120 g) used in the present investigation were 
provided by the Second Military Medical 
University Laboratory Animal Center (Shanghai, 
China). All experiments were permitted by the 
Animal Ethical Committee of the Second 
Military Medical University (No. 13071002114).

Isolation and culture of BMSCs and AF cells

Using the method reported previously [22], pri-
mary BMSCs were isolated and cultured. The 
harvested cells were centrifuged at 500× g for 
10 min at 4°C and then resuspended in com-
plete Dulbecco’s modified Eagle’s medium 
(DMEM)/F-12 with 10% fetal bovine serum 
(FBS), 100 U/ml penicillin and 100 μg/ml strep-
tomycin (Gibco Life Technologies, Carlsbad, CA, 
USA). Cells at passage 3 were subjected to  
flow cytometric analysis (Cytomics FC500; Be- 
ckman Coulter, USA) to estimate the activity of 



BMSC paracrine activity rescues IL-1β-induced AF cells

81	 Am J Transl Res 2017;9(1):79-89

the surface markers, including cluster of differ-
entiation 29 (CD29), cluster of differentiation 
90 (CD90), cluster of differentiation 29 (CD31) 
and cluster of differentiation 45 (CD45).

According to the method described previously 
reported, cells were isolated from AF tissues in 
the lumbar disc [23]. The cells were treated 
with 0.2% pronase and 0.025% collagenase P 
(Sigma, Milwaukee, WI) overnight for digestion. 
AF cells were isolated and cultured with Dul- 
becco’s modified Eagle’s medium (DMEM)/F-12 
(Gibco Life Technologies, Carlsbad, CA, USA) 
supplemented with 10% fetal bovine serum 
(FBS; Gibco Life Technologies, Carlsbad, CA, 
USA) and 1% (vol/vol) penicillin and streptomy-
cin in a 37°C, 5% CO2 atmosphere. The medium 
was changed every 24 hours. When they rea- 
ched 80% to 90% confluence about 2 weeks 
later, the cells were trypsinized and subcultured 
in 6-well plates (1×105 cells/well).

Experimental groups and cell treatment

BMSCs (1×105 cells/compartment) were seed-
ed into the upper compartment of a six-well 
transwell system (pore size of 0.4 mm; Costar, 
Cambridge, MA). AF cells were placed into the 
lower compartment of the six-well transwell 
system (2×105 cells/well, the ratio was 2:1 to 
BMSCs). Before the co-culture study started, 
both cells were cultured separately in complete 
medium (Dulbecco’s modified Eagle’s medi- 
um (DMEM)/F-12 containing 10% fetal bovine 

try. Meanwhile, inflammatory cytokines were 
assayed with an ELISA.

Gene expression analysis

Cells were collected from the three groups at 
different time points and lysed with Trizol 
reagent (Invitrogen Life Technologies, Carlsbad, 
CA, USA). Total RNA was extracted and its  
concentration was measured photometrically 
(NanoDrop 2000/2000c; Thermo Fisher Sci- 
entific, Inc, Wilmington, DE, USA). Synthesis of 
the cDNA was performed using the RevertAid 
First Strand cDNA Synthesis kit (Thermo Fisher 
Scientific, Waltham, MA, USA), according to the 
manufacturer’s instructions. PCR analysis was 
performed using genespecific primers (Table 1) 
for GAPDH, MMP-3, MMP-13, ADAMTS-4, TIMP-
1, Aggrecan, and collagen I (Sangon Biotech 
Co., Ltd., Shanghai, China). Real-time PCR reac-
tions were performed in triplicate in 96-well 
plates in a final volume of 20 µL using a SYBR 
Premix Ex Taq Kit (TaKaRa, Shanghai, China). 
Real-time PCR amplifications were carried out 
according to the following protocol: 95°C for 15 
minutes, followed by 40 cycles of amplifica-
tions, consisting of a denaturation step at 94°C 
for 15 seconds, an annealing step at 55°C for 
30 seconds, and an extension step at 72°C for 
30 seconds. The cycle threshold values were 
obtained, and data were normalized to GAPDH 
expression using the 2-ΔΔCt method. All samples 
were run in triplicate.

Table 1. Primer sequences used for RT-PCR

Gene Primer 
name Sequence

GAPDH GAPDH-F CCATCAACGACCCCTTCATT
GAPDH-R ATTCTCAGCCTTGACTGTGC

MMP-3 MMP-3-F AAAGAACCCGCTGAGAGCAG
MMP-3-R AACCTCCATGCCAGCATCTT

MMP-13 MMP-13-F CCCTGGAGCCCTGATGTTT
MMP-13-R CTCTGGTGTTTTGGGGTGCT

ADAMTS-4   ADAMTS-4-F CGTTCCGCTCCTGTAACACT
ADAMTS-4-R TTGAAGAGGTCGGTTCGGTG

Aggrecan Aggrecan-F GCCTGCAAGGGAAATGTGTG
Aggrecan-R GGCGGAAAGATTTGCCGTTAG

Collagen II Collagen-II-F GACCTCCGGCTCCTGCTCCTCTTAG
Collagen-II-R GACAGCACTCGCCCTCCCGTTTTTG

TIMP TIMP-F ATAGTGCTGGCTGTGGGGTGTG
TIMP-R TGATCGCTCTGGTAGCCCTTCTC

All sequences are given in 5’-3’ direction.

serum, 2 ml/well) for 2 days so that cells 
were 70%-80% confluent at the time of co-
culture. Although IL-1β could not induce 
annular cell damage and apoptosis in the 
presence of 10% FBS, the complete culture 
medium had to be replaced by low serum 
medium (Dulbecco’s modified Eagle’s me- 
dium/F-12 supplemented with 1% FBS) 
before the experiment began [7]. Our 
experiment was divided into three groups. 
The cells of the control group were treated 
with low serum DMEM throughout the 
experiment. The cells in IL-1β group were 
treated with 10 ng/mL recombinant human 
IL-1β (R&D Systems, Minneapolis, MN). In 
the co-culture group, AF cells were co-cul-
tured with BMSCs in the presence of IL-1β 
(10 ng/ml). The harvesting time for AF cells 
of each group was 24 h. Cells were then 
harvested for messen ribonucleic acid 
(mRNA), protein analysis and flow cytome-
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Western blot analysis

AF cells were washed twice with PBS and lysed 
using ProteoJET Mammalian Cell Lysis Reagent 
(Thermo Fisher Scientific, Inc.). The protein con-
centration was determined using the Pierce 
BCA protein assay, and equivalent amounts of 
protein (20 μg) were separated and analyzed 
with a SDS-PAGE assay, probing with primary 
antibodies. Antibodies against NF-κB p65 
(ab131485, abcam, USA; 1:400 dilution), IκBa 
(ab32518, abcam, USA; 1:400 dilution), and 
antibodies for MMP-3 (ab52915, abcam, USA; 
1:400 dilution), MMP-13 (ab39012, abcam, 
USA; 1:400 dilution), TIMP-1 (ab61224, abcam, 
USA; 1:400 dilution), aggrecan (ab36861, 
bcam, USA; 1:400 dilution), collagen I (ab34710, 
abcam, USA; 1:400 dilution), and GAPDH 
(ab8245, abcam, USA; 1:400 dilution). The 
membranes were then incubated with the 
respective horseradish peroxidase-conjugated 
goat anti-rabbit IgG secondary antibodies (bey-
otime, Shanghai, China) at room temperature 
for 1 h. Immunoreactive bands were detected 
using an enhanced chemiluminescence system 
(EMD Millipore, Billerica, MA, USA) and quanti-
fied using Image-Pro Plus 6.0 software (Media 
Cybernetics, Inc., Rockville, MD, USA). 

Cytokine assessment by ELISA and NO assays

AF cells harvested from each group and levels 
of COX-2, IL-6 and PGE-2 were determined with 
a corresponding ELISA kit (R&D Systems, inne-
apolis, MN) according to the manufacturer’s 
instructions. In addition, based on the methods 
reported previously, the production of NO in AF 
cells was evaluated as CM nitrite using the 
Griess Reaction [23]. Briefly, 100 μl of the 
supernatant was incubated with 100 μl of 
Griess reagent [equal volumes of 1% (w/v) sul-
fanilamide (Wako, Osaka, Japan) and 0.1% 
(w/v) N-1-naphtyl ethylenediamine dihydrochlo-
ride (Wako) in 2.5% (w/v) H3PO4] for 10 min at 
room temperature, and the NO2 concentration 
was measured by detecting the optical density 
at 550 nm (A550) in reference to the A550 of 
the standard NaNO2 solution.

Detection of apoptotic incidence by flow cytom-
etry

The apoptotic rate of the AF cells was detected 
using the Annexin V-Fluorescein Isothiocyana- 
te (FITC)/propidium iodide (PI) Apoptosis Dete- 

ction kit I (BD Pharmingen, San Diego, CA, USA) 
with double staining according to the manufac-
turer’s instructions and as previously described 
[7]. Briefly, the cells of the three groups were 
collected by trypsinization and centrifugation, 
and then washed with ice-cold PBS twice and 
resuspended in 500 µl binding buffer. Then the 
cells were incubated with 5 µl of fluorescein-
conjugated Annexin V and 5 µl of PI for 15  
min at room temperature in the dark. The apop-
totic rate was analyzed by a Fluorescence acti-
vated cell sorter (Cytomics FC500; Beckman 
Coulter) within 1 h. Apoptotic cells, including 
those staining positive for Annexin V and nega-
tive for PI, were identified as early apoptotic 
cells and those positive for double staining 
were identified as late apoptotic cells. The cells 
were counted and represented as a percentage 
of the total cell count.

Caspase-3 activity assay

Caspase-3 activity was detected using a cas-
pase-3 activity kit (Beyotime, Shanghai, China), 
which is based on the ability of caspase-3 to 
change acetyl-Asp-Glu-Val-Asp p-nitroanilide 
into the yellow formazan product, p-nitroaniline. 
According to the product description, treated 
cells were lysed with lysis buffer (100 μl per 
2×106 cells) for 15 min on ice and then washed 
with cold HBSS. After incubating the mixture 
composed of 10 μl of cell lysate, 80 μl of reac-
tion buffer and 10 μl of 2 mM caspase-3 sub-
strate in 96-well microtiter plates at 37°C for 4 
h, the activity of caspase 3 was quantified on a 
microplate spectrophotometer (Biotek Instru- 
ments, Inc., Winooski, VT, USA) at 405 nm. 
Caspase-3 activity was expressed as the fold-
change in enzyme activity compared with that 
of synchronized cells.

Assay of mitochondrial membrane potential 
(Δψm)

The mitochondrial membrane potential was 
determined by JC-1 staining (Beyotime) accord-
ing to the manufacturer’s protocol. The chang-
es in the mitochondrial membrane potential 
were detected by confocal microscopy. In physi-
ological conditions, JC-1 accumulates in the 
intact mitochondrial membrane, where it forms 
pronounced red aggregates. When the mito-
chondrial membrane potential is disturbed, the 
red fluorescence decreases and there is an 
increase in green fluorescence of the free JC-1 
form.
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Statistical analysis 

Data were analyzed with the use of SPSS 10 
statistical software. Data are presented as the 
mean ± standard deviation and a Student’s t 
test or one-way ANOVA were used for compari-
sons between groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Identification of isolated BMSCs

Flow cytometric analysis was used to detect 
the expression of CD90, CD45, CD29, and 
CD31 (Figure 1). BMSCs (>90%) were positive 
for CD29 or CD90, whereas <5% were positive 
for CD45 or CD31.

Effects of BMSC co-culture on IκBa and NF-κB 
p65 activity induced by IL-1β

Western blot analysis showed that the nuclear 
protein level of p65, which is a subunit of NF-κB 
[8], was increased by IL-1β stimulation and the 
increase was largely decreased by co-culture 
with BMSCs. IL-1β stimulation decreased the 
protein level of IκBa in AF cells and co-culture 
with BMSCs rescued the decreased IκBa pro-

by IL-1β relative to controls were: TIMP-1, 0.56; 
aggrecan, 0.62; and collagen I, 0.44; and when 
followed by BMSC treatment this decrease was 
reversed, respectively (Figure 3B).

Effects of BMSC co-culture on the protein 
expression of MMP-3, MMP-13, TIMP-1, aggre-
can and collagen I in AF cells induced by IL-1β

To evaluate the effects of the BMSC co-culture 
on protein expression of some key components 
involved in IDD, we examined the protein 
expression of MMP-3, MMP-13, TIMP-1, aggre-
can and collagen I (Figure 4A). IL-1β significant-
ly up-regulated the protein expression of 
MMP-3 and MMP-13, and down-regulated the 
protein expression of TIMP-1, aggrecan and col-
lagen I. These effects were impeded by BMSC 
co-culture (Figure 4B).

Effects of BMSC co-culture on the expression 
of conditioned media nitrite, PGE-2, IL-6 and 
COX-2

As the index of NO production, CM concentra-
tions of nitrite were measured after co-culture 
with BMSCs. The increase in nitrite accumula-
tion induced by IL-1β was significantly sup-
pressed by the BMSC co-culture (Figure 5A). 

Figure 1. Identification of isolated BMSCs. Flow cytometric analysis of CD90, 
CD45, CD29 and CD31. The results showed >90% of the BMSCs were posi-
tive for CD90 or CD29, whereas <5% of the BMSCs were positive for CD45 
or CD31. 

tein mediated by IL-1β stimu-
lation in AF cells (Figure 2).

Effects of BMSC co-culture 
on AF cell gene expression 
induced by IL-1β

IL-1β significantly up-regulat-
ed the expression of catabolic 
genes. The fold changes of 
gene expression induced by 
IL-1β relative to controls were: 
MMP-3, 30 and MMP-13, 68. 
BMSCs significantly reduced 
the expression of MMP-3 and 
MMP-13. The expression of 
ADAMTS-4 was not signifi-
cantly different from the con-
trols, and this increase was 
not affected by BMSC co-cul-
ture (Figure 3A). IL-1β stimula-
tion moderately down-regulat-
ed the levels of matrix com- 
ponent genes and anticata-
bolic genes. The fold changes 
in gene expression induced  
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Likewise, the increasing production of PGE-2, 
IL-6 and COX-2 stimulated by IL-1β were 
reversed by the BMSC co-culture (Figure 5B-D).

Co-culture with BMSCs decreased apoptosis of 
AF cells induced by IL-1β

By using flow cytometric analysis of annexin 
V-FITC/PI staining, the effects of the BMSC co-
culture on AF cells were analyzed (Figure 6). 
Quantitative analysis indicated that, compared 
with the cells in the control group, the apoptotic 

rate was significantly elevated in the AF cells 
induced by IL-1β; and the up-regulation of the 
apoptotic rate was suppressed by the BMSC 
co-culture (control, 4.20±1.01%; IL-1β, 20.23± 
2.04%; co-culture, 12.87±2.21%).

During the apoptotic process, pro-apoptotic 
protein Bax and anti-apoptotic protein Bcl-2 
emerged as key regulators. As shown in Figure 
7A, Western blots from the present study 
revealed a significant up-regulation in the 
expression of Bax and down-regulation in the 

Figure 3. Effects of co-culture with BMSCs on gene expression of AF cells induced by IL-1β. Control value = 1. The 
data for MMP-3 and MMP-13 are plotted as 1/10 of the actual fold change. A. The change in catabolic gene expres-
sion; B. The data for matrix component genes and anticatabolic genes. Values are mean ± SE (n = 9 samples). A 
student’s t test was performed to evaluate the difference. NS: no sense, *P<0.05; **P<0.01.

Figure 2. Effects of co-culture with BMSCs on the expression of 
NF-κB p65 and IκBa of AF cells induced by IL-1β. A. The protein 
levels of NF-κB p65 and IκBa were detected by Western blot-
ting. B. The protein concentration was quantified. Values are 
mean ± SD. IL-1β control = 1. A student’s t test was performed 
to evaluate the difference. *P<0.05; **P<0.01.
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expression of Bcl2 stimulated 
by IL-1β. This imbalance of 
Bax/Bcl-2 was partially reve- 
rsed by coculture of the AF 
cells with BMSCs.

The activation of caspase 3 
has been identified as an 
early indicator of apoptosis, 
and it acts as an executioner 
in the final steps of the apop-
totic program. Our results 
revealed that the expression 
of caspase-3 was significantly 
elevated following IL-1β, and 
co-culture with BMSCs inhib-
ited the upregulation of cas-
pase-3 (Figure 7C).

Co-culture with BMSCs 
increased Δψm in IL-1β 
induced AF cells 

The normal AF cells stained 
with JC-1 exhibited red mito-
chondrial fluorescence with a 

Figure 4. Effects of co-culture with BMSCs on the expression of MMP-3, MMP-13, TIMP-1, collagen I, and aggrecan 
in AF cells. A. The protein levels of MMP-3, MMP-13, TIMP-1, collagen I and aggrecan were assayed by Western blot-
ting. B. The protein concentration was quantified. Values are mean ± SD. IL-1β control = 1, A student’s t test was 
performed to evaluate the difference. *P<0.05; **P<0.01. 

Figure 5. Effects of the BMSC co-culture on the production of NO, PGE2, IL-6 
and COX-2. A. The nitrite levels in the culture medium were assessed by 
Griess reaction. B-D. The levels of IL-6, COX-2 and PGE2 were investigated 
using a commercially available ELISA kit. Values are mean ± SD. A student’s 
t test was performed to evaluate the difference. *P<0.05; **P<0.01.
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little green fluorescence, suggesting that the 
cells were in a natural condition. In contrast, 
the cells stimulated with IL-1β showed a weak 
red fluorescence with a stronger green fluores-
cence, reflecting the loss of Δψm. Co-culture 
with BMSCs increased the proportion of cells 
with a healthy Δψm (Figure 7B). The changes in 
fluorescence color from red to green demon-
strated that IL-1β can induce a decrease in the 
mitochondrial membrane potential, and follow-
ing co-culture with BMSCs, it could reverse the 
effect.

Discussion

In this study, we first looked at the protective 
capacity of BMSC-secreted factors on IL-1β 
damaged AF cells. With the inhibiting effect of 
NF-κB signaling, the anti-inflammatory effects 
of BMSCs were investigated. Likewise, the anti-
apoptotic effect was also assessed, and mito-
chondria signals were inhibited by BMSC para-
crine activity.

To clarify the role of the paracrine mechanism 
on treatment for IDD, both BMSCs and AF cells 
were stimulated by IL-1β in a transwell co-cul-
ture system that we established in vitro. It was 
found that the up-regulation of NF-κB-p65 
induced by IL-1β was significantly reduced in 
the co-cultured group. Conversely, the expres-

First, we established a precise co-cultured 
transwell system in vitro. By interfering with 
IL-1β, we imitated the inflammatory micro-envi-
ronment in disc degeneration in vitro. With this, 
we had a better approach for clarifying the 
paracrine function of BMSCs on AF cells. Many 
researchers have emphasized the paracrine 
function of MSCs, concluding that this function 
plays a significant role in the beneficial effects 
observed in both in vitro and in vivo experi-
ments [20]. This indirect co-culture system 
could guarantee these two types of cells only 
communicated with each other by the factors 
they secreted. According to the literature, the 
effect of BMSCs and their signaling pathway 
toward AF cells have not been studied further. A 
recent study co-cultured AF cells and BMSCs in 
a 3D co-culture system, and there was up-regu-
lated expression of extracellular matrix synthe-
sis and proliferation after a 3-week co-culture 
[24]. By establishing a transwell co-culture sys-
tem, our experiments focused on the therapeu-
tic mechanism of BMSCs on AF cells exposed 
to IL-1β in vitro. The choice of IL-1β (10 ng/ml) 
as an inflammatory stimulus represents the 
simplification of a complex inflammatory milieu 
in IDD [23]. By eliciting the expression of matrix-
degrading enzymes, inflammatory mediators 
and apoptosis, IL-1β leads to ECM degenera-
tion in AF tissues. Our results confirmed that 

Figure 6. Effects of the co-culture with BMSCs on apoptosis in the control, 
IL-1β, co-culture groups. Changes in apoptotic incidence in the control, IL-1β 
and co-culture groups. Data are presented as the mean ± SD. A student’s t 
test was performed to evaluate the difference. *P<0.05; **P<0.01. 

sion of IκBa was induced in 
the co-cultured group. We 
also confirmed that combined 
treatment with BMSCs and 
IL-1β led to lower gene and 
protein expression than IL-1β 
alone, and that all changes to 
MMP-3, MMP-13, TIMP-1, and 
inflammatory mediators invo- 
lving NO, PGE-2, COX-2, IL-6 
were reversed. In addition, fol-
lowing BMSC co-culture, there 
was a reduction in the apo- 
ptosis rate of AF cells and  
pro-apoptotic caspase-3 and 
BAX, and there was up-regu-
lated expression of anti-apop-
totic Bcl-2. The mitochondrial 
membrane potential was sup-
pressed after the co-culture. 
Our results suggested that 
the paracrine mechanism of 
BMSCs plays a potentially 
important role in the disc 
degeneration delaying effect.
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these paracrine factors, including anti-inflam-
matory and anti-apoptotic factors, were 
accessed by the co-culture system. This indi-
cated that paracrine mechanisms play an 
essential role in diminishing the pathology of 
IDD. 

Next, we performed a further in-depth study to 
demonstrate the NF-κF signal pathway as well 
as inflammatory effects were impeded with the 
treatment of BMSCs. Our previous study 
showed that BMSCs could attenuate the 
expression of MMP-3, ADAMTS-4/5 and the 
apoptotic rate of inflammatory factor stimulat-
ed NP cells via paracrine mechanisms [25]. 
However, the signaling pathway has not been 
shown to be involved. Many assays have inves-
tigated this, as a significant signaling pathway, 
and NF-κF was implicated as a key mediator of 
disc degeneration [10]. A study reported that, 
by co-culturing BMSCs and NP cells in a con-
tact co-culture system, the expression of aggre-
can, CII, and SOX-9 were increased and the 
NF-κB content was significantly lowered [26]. 
Association of IκB with the NF-κB p65/p50 
dimer plays a significant role in regulating 
nuclear translocation and target gene tran-
scription by NF-κB. It is well established that 
IκB degradation induces the nuclear transloca-
tion of p65 [27]. Thus, we assessed the level of 
IκBa and NF-κB-p65 in IL-1β-stimulated AF cells 
following BMSC treatment. Our data showed 

that IL-1β increased nuclear p65 and decreased 
the level of IκBa. Meanwhile, with NF-κF inhibi-
tion by the BMSC co-culture, the expression of 
MMP-3 and MMP-13 were decreased with 
increasing collagen I and aggrecan synthesis  
in AF cells. Correspondingly, inflammatory cy- 
tokines, such as iNOS, L-6, PGE2 and COX-2, 
had a similar trend. These factors were stimu-
lated by IL-1β, which also takes part in disc deg-
radation of the proteoglycan matrix. In addition, 
we also studied the expression of ADAMTS-4, 
which plays crucial roles in aggrecan degrada-
tion of nucleus pulposus cells. However, this 
factor did not show a similar trend with other 
factors.

Another important finding from this study was 
that BMSC treatment decreased the level of 
apoptosis by inhibiting the mitochondrial path-
way. By transplanting mesenchymal stem cells 
into a degenerative disc model, a study sug-
gested that both disc height index decreases 
and the quantity of nucleus pulposus were 
inhibited in the MSC transplanted group. This 
effect may be the result of the inhibition of 
apoptosis by MSCs [28]. However, the signaling 
pathway that is involved in this anti-apoptosis 
effect of disc degeneration has not been 
reported in the literature. In this study, we 
revealed that the up-regulation of both the 
apoptosis rate and caspase-3 activated by 
IL-1β were reversed after treatment with the 

Figure 7. Effects of the co-culture with BM-MSCs on apoptosis and the mitochondrial membrane potential in the 
control, IL-1β and coculture groups. A. The changes in expression of Bax and Bcl-2 in AF cells from both groups were 
detected by Western blotting. B. Changes in the mitochondrial membrane potential in AF cells in each group. Bar = 
100 μm. C. Changes in caspase-3 activity in AF cells from the control, IL-1β, co-culture groups were assayed with an 
ELISA Data are presented as the mean ± SD. A student’s t test was performed to evaluate the difference. *P<0.05; 
**P<0.01.
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BMSC co-culture. In addition, we reported Bcl-2 
family proteins, such as pro-apoptotic protein 
Bax and anti-apoptotic protein Bcl-2, play a cru-
cial role in apoptosis by regulating the permea-
bilization of the mitochondrial membrane. ΔΨm 
is another important factor regulating mito-
chondrial function and it acts as an indicator  
of the status of AF cell apoptosis [29]. We 
observed that the expression of pro-apoptotic 
Bax was markedly declined, and that of anti-
apoptotic Bcl-2 was concomitantly raised in AF 
cells after exposure to the BMSC co-culture. 
Also, Δψm decreased significantly during the 
BMSC co-culture with AF cells compared with 
IL-1β. Taken together, we concluded that the 
mitochondrial pathway is impeded in the apop-
totic process of AF cells with treatment of 
BMSCs.

A limitation to this study was that there was  
no precise in vivo model to examine the thera-
peutic effects of disc degeneration after treat-
ment with BMSC paracine factors. With small 
spaces in the disc, it is hard to transplant 
BMSC-conditioned media to a degenerative 
disc. A recent study has reported that BMSC 
derived extracellular vesicles (BMSC-EVs) 
transplanted in a colitis model by intravenous 
injection, attenuated the severity of colitis as 
evidenced by a decrease in the disease activity 
index (DAI) and histological colonic damage. 
Their data revealed that the therapeutic effect 
of BMSC-EVs resulted from the reduction of 
pro-inflammatory mediator levels, modulation 
of the anti-oxidant/oxidant balance, and a 
decreased occurrence of apoptosis [19]. 
According to the special structure of the discs, 
a novel method should be developed and 
applied in the treatment of IDD. 

In conclusion, our study revealed that, with the 
inhibiting effect of NF-κB signaling and mito-
chondria signaling, an anti-inflammatory effect 
and anti-apoptotic effect of BMSC paracrine 
activity was observed. Thus, our information 
provides new insight into the therapeutic 
effects of the BMSC paracrine mechanism and 
its relative signals in disc degeneration. Further 
in vivo studies are warranted. 
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