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Abstract: Objective: The aim of this study was to compare the therapeutic effects between the transplanted bone
mesenchymal stem cells (BMSCs) and adipose-derived stem cells (ADSCs) in rabbits by using a degenerative disc
model. Methods: Firstly, the intervertebral discs degeneration animal model was constructed by the conventional
punctured method. Then, BMSCs and ADSCs were transplanted into the rabbit’s model of disc degeneration, re-
spectively. The nucleus pulposus cells (NPCs) transplantation group was set as the positive group, only Dulbecco’s
modified Eagle’s medium (DMEM) injection group was set as the negative group and the health intervertebral disc
group was set as the normal control (NC) group. The samples were harvested in 12 weeks after the transplantation.
Disc degeneration degree was evaluated by plain radiography as well as the MRl imaging T2-weighted signal intensi-
ty, histology, sulfated glycosaminoglycan (sGAG)/DNA, immunochemical staining. Also, the gene expression levels of
collagen Il and aggrecan were evaluated. Results: Twelve weeks after cell-transplantation, the degeneration degree
for the DMEM group was significantly higher than the other four groups (P<0.05). Histological analysis indicated no
significant difference among NPCs, BMSCs and ADSCs groups, while the other results, including disc height index
ratio (%DHI), standard T2-weighted image ratio (%ST2WI), sGAG/DNA assessment and mRNA expression levels of
the aggrecan, showed that the therapeutic effects of NPCs and BMSCs groups were much better than that of the
ADSCs group. While no significant differences between the NPCs and BMSCs groups were found. Conclusion: The
results indicated that all types of cells in this study had a positive effect on restraining the discs degeneration. Es-
pecially, BMSCs showed a stronger potential in the extracellular matrix synthesis and water content recovery of the
discs, similar to that of NPCs. The BMSCs transplantation was more effective in the disc degeneration treatment
than ADSCs, which appears to be an ideal substitute for NPCs.
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Introduction

Low back pain is a common medical and social
problem for adults [1, 2]. Intervertebral disc
degeneration (IDD), an irreversible phenome-
non, is considered as one of the major causes
of low back pain. Multiple factors contribute to
disc degeneration, including genetic factors,
age, immobilization, trauma, tobacco use, dia-
betes, vascular diseases, and infection [3-7].
The mechanism of disc degeneration is still
unknown. IDD is a progressive phenomenon.

Current treatments include cytokine and growth
factor induction, gene therapy, tissue engineer-
ing and cell transplantation therapy [7, 8].

Among these treatments, cell transplantation is
a promising method for treating IDD. Autologous
nucleus pulposus cells (NPCs) transplantation
is one of the major techniques used to prevent
IDD degeneration in animal models [9, 10].
However, the procedure requires many more
cells than those that can be harvested from a
single disc. The NPCs proliferate slowly in vitro.
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Hence, the production of enough NPCs has
become a struggle for researchers. Another
issue is that cell harvesting from healthy discs
may create iatrogenic degeneration in the
donor discs. To overcome these problems,
alternative cell sources for replacement of
NPCs used in IDD therapy have to be explored.
In this study, we focused on the investigation of
the therapeutic potential of stem cells-bone
mesenchymal stem cells (BMSCs) and adipose-
derived stem cells (ADSCs) in IDD treatment.

BMSCs are multipotent stem cells that have
been found in almost every adult organ. BMSCs
can be harvested, isolated and cultured easily
in vitro. These cells have high plasticity and the
capacity to differentiate into a NPCs-like phe-
notype when appropriately stimulated [11]. In
addition, ADSCs are another candidate for stem
cell sources, particularly because they are eas-
ily obtainable and have multipotent activity.
ADSCs can be collected from adipose tissue in
human body without significant wound via the
minimally invasive procedure [12-14]. Due to
these significant advantages, ADSCs can be
used as a stem cell source to treat dege-
neration.

However, to our best knowledge, no studies
have focus on the comparison of therapeutic
potential between BMSCs and ADSCs in the
IDD treatment. Therefore, in this study, we
aimed to compare the therapeutic effects
between the two types of cells in a degenera-
tive intervertebral disc of rabbits, in order to
seek a better substitute for NPCs and provide
certain reference both in theory and in the clini-
cal treatment for cell transplantation.

Materials and methods

Animal model preparation of degenerative
intervertebral disc

Adult New Zealand white rabbits (weight: 2.5-
3.0 kg) were provided by the North Sichuan
Medical College. Animal experiments were car-
ried out according to the protocols approved by
the Animal Experimentation Committee in the
Second Clinical Institute of North Sichuan Me-
dical University (NO. 20140702). Rabbits were
randomly divided into five groups: the normal
control (NC) group, NPCs group, BMSCs group,
ADSCs group and DMEM group. And three in-
tervertebral discs of each animal, including
L3-4 discs, L4-5 discs and L5-6 discs, were
used to identify the sGAG/DNA assessment,
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histological analysis and mRNA expression lev-
els of the collagen Il and aggrecan, respec-
tively.

The rabbits were anesthetized through the
injection of 30 mg/kg of pentobarbital sodium.
nucleus pulposus (NP) tissue (5-8 mg wet
weight) was aspirated from the rabbits at
regions L3-L4, L4-L5 and L5-L6 using an
anterolateral approach, with a 21-gauge needle
on a 10 ml syringe, as described previously by
Sakai D et al. [15]. Then rabbits were kept in a
controlled environment with access to food and
water for 2 weeks.

Isolation, culture and identification of NPCs,
BMSCs and ADSCs

Firstly, a nucleus pulposus cell culture was per-
formed according to the method described pre-
viously by Feng G et al. [16]. NP tissue was har-
vested from the lumbar discs of 4 two-week-old
New Zealand white rabbits that were eutha-
nized by 1% pentobarbital (6 ml/kg) under
aseptic conditions. The annulus fibrosus was
opened with a #11 scalpel blade, causing a
defect through which NP tissue was extruded.
Approximate 20 mg of NP tissue was harvested
from each disc, and then placed into a 6-well
tissue culture plate and incubated at 37°C in
5% CO,. The basal medium contained DMEM/
F12 supplemented with 20% FBS and 50 U/mL
penicillin/streptomycin.

Secondly, under pentobarbital anesthesia, the
BMSCs were isolated from the femoral bone
marrow of 4 two-week-old New Zealand white
rabbits. Five milliliter of marrow blood was col-
lected into 2000 U of heparin, as described
previously by Sakai D et al. [11].

Thirdly, ADSCs were prepared from adult rabbit
inguinal fat pads shortly after euthanasia as
described previously by Feng G et al. [17]. The
fat pads were excised, finely minced with scis-
sors and washed three times with PBS contain-
ing 100 U/mL penicillin-streptomycin (Gibco,
USA) and digested in 0.01% collagenase (Cre-
scent Chemical Co, Inc, USA) at 37°C for 30
min. Then the cells were cultured in high-glu-
cose DMEM (Hyclone) at 37°C with 5% CO,,.

Transplantation of NPCs, BMSCs and ADSCs

Two weeks after the induction of disc degenera-
tion, the two passages of NPCs, BMSCs and
ADSCs were gathered for transplantation,
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Table 1. Amplification primers of collagen Il, aggrecan and GAPDH

alyzeDirect) (%ST2WI = discs

Molecule Primers

Product size (kb)

T2WI/Water supplement T2-

ACGCTCAAGTCCCTCAACA (sense)

Collagen I .
TGCGAGTTCAGGGAGTTGA (antisense)
TCTATCCAGTAGTCACCGCTCT (sense)

Aggrecan )
AGATAGGTCATCAGTGGCGAGA (antisense)
TGCTTCTAGGCGGAGTGTTA (sense)

GAPDH

CGTCACATGGCATCTCACGA (antisense)

[0)
198 WI x100%).
Biochemical measurement
223 and mRNA expression mea-
surement
820

After L4-5 discs were isolated,

respectively. The cell suspension was adjusted
with DMEM to a final cell density of 1x10° cells/
mL and used for immediate transplantation.
Cell transplantation was performed upon the
degeneration-induced discs of the rabbits
under 1% pentobarbital anesthesia. Using an
insulin microinjector with a 27-gauge needle,
0.03 mL of DMEM containing the NPCs, BMSCs
or ADSCs was carefully injected into the degen-
eration discs, respectively. And 0.03 mL of
DMEM without cells was injected in the DMEM
group. After injection, histoacryl glue (B. Braun,
Melsungen, Germany) was used to seal the
injection site and the wounds closed routinely.
The samples were harvested at 12 weeks after
transplantation for evaluating the degree of
degeneration.

Radiographic and MRI imaging testing

Prior to harvest, lateral plain radiographs of all
groups were taken under 1% pentobarbital
anesthesia. Vertebral body heights and disc
heights were observed by X-ray and measured
using NIH image software. The disc height index
(DHI) was described by Lu DS et al. [18] (%DHI
= postoperative DHI/preoperative DHI x100%).

Rabbits were tranquilized under 1% pentobarbi-
tal anesthesia (3 mL/kg), and placed supine
within the MRI imager coil (General Electric
Medical Systems, USA). A localizing midsagit-
tal T2-weighted image (TR 2500 msec, TE 100
msec) was used to view the L1-2 through L6-7
intervertebral levels. Next, 5 mm thickness
of midsagittal sections was taken using T2-
weighted imaging sequences (TR 2800 msec,
TE 100 msec) to evaluate signal characteristics
within the intervertebral disc. Water supple-
ment capsules on the abdomen of the rabbit
were used for the standardized control. The
MRI imaging evaluations were performed ini-
tially and then postoperatively at 12 weeks
and quantified using Analyze 7.0 software (An-
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the dissected NP tissues were
digested in 200 pL of papain
digestion buffer (125 mg/mL in sterile PBS, pH
6.0 with 5 mM cysteine hydrochloride) for 18 h
at 60°C. Sulfated GAG (sGAQG) levels were mea-
sured spectrophotometrically after incuba-
tion with 1,9-dimethylmethylene blue-chloride
(DMMB) dye (A = 525 nm) and normalized to
total DNA, which measured fluorometrically (A_,
= 360 nm, A = 460 nm) using the Hoechst
33258 DNA quantitation kit (Sigma, USA). Total
RNA from L5-6 discs was obtained using the
E.Z.N.A. Total RNA kit | (OMEGA, USA, R6834-
02). Real-time polymerase chain reaction (PCR)
analysis was then performed with the Qu-
antitect SYBR Green PCR master mix (Qiagen
Valencia, CA, USA. A25742). Standard curves
were generated using RT-PCR with a serially
diluted cDNA sample mixture. Quantities of the
gene expression of aggrecan and Type Il colla-
gen were calculated with standard samples
and were normalized to GAPDH. Amplification
primers are listed in Table 1.

Histological observation and immunofluores-
cence staining observation

After the macroscopic evaluation, L3-4 discs
were individually processed for histological
studies. Each disc was fixed and embedded in
paraffin, sectioned to 5 ym thick using a micro-
tome, and exposed to standard H&E staining. A
histological grading system devised by Masuda
et al. [19] was used. Grade scores were count-
ed by five pathology professors selected ran-
domly and data are presented as the mean *
standard deviation (SD). Samples were sec-
tioned into 5 ym thick and dried in a drying
oven for 12 h at 45°C. Aggrecan immunofluo-
rescence was also stained. Sections were visu-
alized with a Nikon TS100 microscope (Nikon,
Melville, NY) equipped with a digital camera.

Statistical analysis

Statistical analysis of all the experiment mea-
surement data was performed using SPSS13.0
software. Single-factor analysis of variance was
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|

Figure 1. Representative photographs showed sagittal discs in 12 weeks after cell transplantation in each group.

performed to evaluate statistical significance
among many groups, While SNK were Used to
Evaluate statistical significance between two
groups. The data are expressed as mean + SD.
The o = 0.05 was considered to be inspection
level and p-value of less than 0.05 was consid-
ered to be statistically significant.

Results
Macroscopic findings

Twelve weeks after cell transplantation, the
discs from the NC group showed an intact NP
without a narrowing of the disc space. In the
DMEM group, the discs showed obvious degen-
eration. The structure of the annulus fibrosus
appeared to be disturbed, and an area of the
nucleus pulposus was further reduced, inter-
rupting the boundary between the nucleus
pulposus and annulus fibrosus (Figure 1). The
three cell-transplanted groups showed the
height of disc was undisturbed. Also, the white
translucent gel organization appeared in an
area of the nucleus pulposus with a clear bor-
der between the NP and the annulus fibrosus,
although whose shape appeared not as perfect
as the NC group discs (Figure 1).

Evaluation of disc height and MRI T2-weighted
images signal

Compared with the NC group, the %DHI in the
NPCs, BMSCs, ADSCs and DMEM groups all
decreased in 12 weeks after cell transplanta-
tion. Among the three cell groups, the %DHI in
the NPCs and BMSCs groups were obviously
higher than that in the ADSCs group (P<0.05).
The %DHI had no significant difference between
the NPCs and BMSCs groups. The %DHI in the
ADSCs group was remarkably higher than that
in the DMEM group (P<0.05). These results
demonstrated that the cell transplantation
could alleviate the height loss of the degener-
ated disc (Figure 2A).
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In 12 weeks after cell transplantation, the
intervertebral disc T2-weighted images in NC
group exhibited high signal. The %ST2WI in the
other groups was significantly lower than that
in the NC group (P<0.05). However, no signifi-
cant differences were noted between the NPCs
and BMSCs groups. The %ST2WI of the NPCs,
BMSCs group was significantly higher than that
of the ADSCs group (P<0.05, Figure 2C).
Therefore, it was speculated that the three
kinds of cells in this study all maintained their
extracellular matrix and water content in nucle-
us pulposus, but the NPCs and BMSCs dis-
played more effectively than ADSCs in IDD
regeneration. However, the %ST2WI images sig-
nal of the L3-4, L4-5, and L5-6 discs in the
DMEM group showed the lowest signal, sug-
gesting significant degeneration for the DMEM
group (Figure 2B).

Histological analysis and immunohistochemi-
cal analysis

In 12 weeks after transplantation, the NC
group discs indicated of an oval-shaped NP and
intact annulus fibrosis. The NPCs, BMSCs and
ADSCs groups also showed abundant extracel-
lular matrix in nucleus pulposus region, indicat-
ing regeneration of the nucleus pulposus.
However, in the DMEM group, the border
between the annulus fibrosus and the nucleus
pulposus region was unclear. Extracellular
matrix partial deleted and accompanied the
collapse of the annulus fibrous. The discs
degeneration was obviously observed in the
DMEM group (Figure 3).

For aggrecan immunofluorescence, the similar
tendency appeared among the five groups,
which means that immunofluorescence stain-
ing of the NPCs, BMSCs, ADSCs and NC groups
all showed positive results while that of the
DMEM group showed a negative result (Figure
3). Based on the above results, it was conclud-
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Figure 2. A: Bar graph demonstrating the %DHI obtained in 12 weeks after cell transplantation. *P<0.05, compared
with the NC group, NPCs group, BMSCs group and ADSCs group; #P<0.05, compared with the NC group, NPCs group
and BMSCs group. **P<0.05, compared with the NC group; ##P<0.05, compared with the NC group. B: Represen-
tative MRI images in each group in 12 weeks after cell transplantation. C: Bar graph demonstrating the %ST2WI
obtained in 12 weeks after cell transplantation. *P<0.05, compared with the NC group, NPCs group, BMSCs group
and ADSCs group; #P<0.05, compared with the NC group, NPCs group and BMSCs group; **P<0.05, compared with
the NC group; ##P<0.05, compared with the NC group.

NC-group

Figure 3. Representative photomicrographs showing H&E and aggrecan immunofluorescence stainings in each
group in 12 weeks after transplantation (Scale Bar = 150 um).

ed that the transplantations of the NPCs, BM- Biochemical analyses

SCs and ADSCs were favorable for the expres-

sions of aggrecan, and further promoted the The production ratios of sGAG/DNA levels in
secretion of extra cellular matrix. the NPCs, BMSCs, ADSCs and DMEM groups
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were lower than that in the NC group (P<0.05).
However, the sGAG/DNA ratios in the NPCs,
BMSCs and ADSCs group were significantly
higher than that in the DMEM group (P<0.05).
And the ratios in the NPCs and BMSCs were
obviously higher than that in the ADSCs trans-
plantation group (P<0.05). But the difference
between the NPCs and BMSCs groups was not
statistically significant (P>0.05, Figure 4A).

Real-time PCR

The collagen Il and aggrecan gene expression
levels in the NPCs, BMSCs, ADSCs and DMEM
groups were significantly lower than those in
the NC groups (P<0.05) in 12 weeks after
cell transplantation. However, a significant en-
hancement of gene expression was found in
the NPCs, BMSCs and ADSCs groups when
compared with the DMEM groups (P<0.05).
Collagen Il and Aggrecan gene expressions in
the NPCs and BMSCs groups were significantly
higher than those in the ADSCs groups. The
gene expression levels of the collagen Il and
Aggrecan were not significantly different (P>
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Figure 4. (A) Bar graph depicting production ratio of
sGAG/DNA in different experiment groups in 12 weeks
after cell transplantation. *P<0.05, compared with the
NC, NPCs, BMSCs and ADSCs group; #P<0.05, com-
pared with the NC, NPCs and BMSCs group; **P<0.05,
compared with the NC group; ##P<0.05, compared with
the NC group. (B, C) Bar graphs showed mRNA expres-
sion of collagen Il (B) and aggrecan (C) in the different
experimental groups in 12 weeks after cell transplan-
tation. *P<0.05, compared with the NC, NPCs, BMSCs
and ADSCs group; #P<0.05, compared with the NC,
NPCs and BMSCs group. **P<0.05, compared with the
NC group; ##P<0.05, compared with the NC group.

0.05) between the NPCs and BMSCs groups
(Figure 4B, 4C).

Discussion

Several researchers have utilized cell-trans-
plantation therapy for disc regeneration.
Autologous disc cell and stem cell therapies
using animal models have been attempted to
decelerate disc degeneration. NPCs, as the
existing cells in a natural intervertebral disc,
have been widely used in the treatment of inter-
vertebral disc degeneration [9]. However, the
isolation of IVD cells from a healthy IVD is unre-
alistic as it could result in damage to the disc
[20]. Therefore, NPCs are not ideal seed cells
for intervertebral disc degeneration treatment.
Instead, stem cells can be differentiated to a
NPCs-like phenotype in special condition.
These characteristics make BMSCs recognized
as the best option for cell therapy because of
their accessibility and proliferative capability. In
this study, we deemed the NPCs group as a
positive control, the DMEM group as a negative
control and the NC group as a normal control.

Int J Clin Exp Med 2019;12(3):2468-2476
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Based on these groups, we represented sys-
tematic comparison of ADSCs and BMSCs with
respect to their restorability in a rabbit disc
degeneration model.

In 12 weeks after cells transplantation, the res-
toration effects of the degenerated disc were
evaluated by X-ray, the T2-weighted signal in-
tensity of MRI. In clinical testing, the MRI was
the first and most sensitive evaluation index to
intervertebral disc degenerated. Based on the-
se parameters, disc regeneration was achieved
successfully with water and proteoglycan resto-
ration in NPCs, BMSCs and ADSCs groups. The
height and MRI signal changes in this study
were consistent with previous researches [15].
The nucleus pulposus signal from MRI decrea-
sed in the NPCs, BMSCs and ADSCs groups,
but the morphological structure remained rela-
tively intact. However, MRI observations reveal-
ed that the DMEM group showed a typical low
signal sample in 12 weeks after cell transplan-
tation, which demonstrated that the water con-
tent of nucleus pulposus decreased significant-
ly and the intervertebral disc degeneration was
serious. These data demonstrated that the
injection of the DMEM could not cause a similar
repair effect to the cell transplantation groups.

Also, the histological and immunofluorescence
staining methods were used to observe the
regenerative intervertebral disc. HE staining
(Figure 3) displayed that the regeneration of
the degenerated disc in the cells transplanted
groups was better than the DMEM group. In
addition, as the aggrecan was the specific
extracellular matrix of the nucleus pulposus
cells. The immunofluorescence staining was
adopted to identify the expression of the extra-
cellular matrix. In the cells transplanted groups,
these immunofluorescence results suggested
that the extracellular matrix expression was
universally positive in nucleus pulposus region,
as shown in Figure 3. The increased collagen
may provide tensile strength and anchor the
tissue to the bone, and aggrecan may contrib-
ute to high osmotic pressure for the absorption
of water. But the extracellular matrix expres-
sion in the DMEM group was negative in 12
weeks after transplantation, which supported
the disc degenerative procedure. Thus, the
increased extracellular matrix may effectively
assist in restoring the biological and mechani-
cal functions of the degenerated discs. Based
on the histological and immunofluorescence
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staining results, delaying the degeneration and
maintaining the function of the intervertebral
disc can be achieved through stem cell trans-
plantation.

Moreover, the ratio of the sGAG/DNA level and
the real-time PCR confirmed that the repair ef-
fect of the BMSCs was better than the ADSCs,
although degeneration scores have no signifi-
cant difference among NPCs, BMSCs and AD-
SCs groups. It is noteworthy that stem cells, as
a promising therapeutic strategy, have also
been widely investigated in IDD repair and re-
generation [21]. However, the BMSCs or ADSCs
cannot synthesis the extracellular matrix the
same as nucleus pulposus cells, although their
amplification ability is stronger than nucleus
pulposus cells [22]. But several studies [23-25]
suggested that the residual NP cells within the
discs may interact with the injected BMSCs or
ADSCs to repair the degenerated discs. Growth
factors released from the degenerate NPCs
may effectively stimulate stem cells to produce
type Il collagen and aggrecan [26]. Strassburg
et al. [27] suggested that cellular interactions
between BMSCs or ADSCs and degenerate NP
cells stimulate the endogenous degenerated
NP cell population to regain a non-degenerate
phenotype and consequently enhance matrix
synthesis for self-repair. In addition, BMSCs
exert a trophic effect on degenerate NP cells.
When BMSCs was co-culture with either non-
degenerate or degenerate NP cells, the mRNA
expressions of growth factors including CDMP-
1, TGF-B41, IGF-1 and CTGF of BMSCs were en-
hanced. Also, BMSCs significantly increased
mRNA expression for CDMP-1 and TGF-B1 in
degenerate NP cells following direct co-culture
[24]. The increased growth factor gene expres-
sion might be the mechanism responsible for
the observed BMSCs or ADSCs repair of inter-
vertebral disc degeneration.

For another, in comparison with BMSCs, ADSCs
were obtained more easily, but showed to be a
little weaker in terms of the treatment effect.
Some researchers have found that the ADSCs
have an inferior differentiation capability to
bone or cartilage compared to BMSCs when
equal amounts of bioactive factors are present
[14]. That may be the reason why the treatment
effect of the ADSCs group was not as good as
the BMSCs group. However, the ADSCs are con-
veniently abundant, which provides the stem
cells a great advantage over its peers.

Int J Clin Exp Med 2019;12(3):2468-2476
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Despite the growing number of research data
on cell-based experimental therapy for IDD, it is
noteworthy that cell leak is inevitable during
the injection process. Nowadays, much atten-
tion has been paid on the inhibition of cell leak.
Frith et al. [28] developed an injectable hydro-
gel incorporating mesenchymal cells for inter-
vertebral disc regeneration and proved that
such a system could overcome the deficiency of
cell leak. Therefore, the incorporation between
cell injection and microspheres will be used in
the interverabral disc regeneration in our fol-
lowing experiments.

In this study, the results indicated that BMSCs
showed a stronger potential in the extracellular
matrix synthesis and water content recovery of
the discs than ADSCs. Furthermore, the disc
degeneration treatment effect of the BMSCs
transplantation was similar to that of NPCs,
which appears to be an ideal substitute for
NPCs.

Acknowledgements

This study was supported by the National
Natural Science Foundation of China (No.
81171472), Applied Fundamental Program of
Science & Technology Department of Sichuan
Province (2016JY0123), Technology Innovation
Seeding Project of Sichuan Province (20170-
53, 2017070), Applied Program of Health and
Family Planning Commission of Sichuan Pro-
vince (17PJ194, 17PJ208), Project of Sichuan
Provincial Education Department (15ZB0201,
157A0216, 17ZA0178) and Science & Techno-
logy Project of Nanchong City (KY-14A0017,
KY-14A0022, NSMC20170453).

Disclosure of conflict of interest
None.

Address correspondence to: Gang Feng, Depart-
ment of Institute of Tissue Engineering and Stem
Cells, Nanchong Central Hospital, The Second
Clinical Institute of North Sichuan Medical Colle-
ge, No. 97, Renmin South Road, Nanchong 6370-
00, Sichuan, China. Tel: +86-817-2258108; E-mail:
fenggangncch@163.com

References

[1] Ament JD, Yang Z, Nunley P, Stone MB, Kim
KD. Cost-effectiveness of cervical total disc re-

2475

(3]

(4]

(6]

(7]

(8]

(11]

[12]

placement vs fusion for the treatment of 2-lev-
el symptomatic degenerative disc disease.
JAMA Surg 2014; 149: 1231-1239.

Davis RJ, Nunley PD, Kim KD, Hisey MS, Jack-
son RJ, Bae HW, Hoffman GA, Gaede SE, Dan-
ielson GO 3rd, Gordon C, Stone MB. Two-level
total disc replacement with Mobi-C cervical ar-
tificial disc versus anterior discectomy and fu-
sion: a prospective, randomized, controlled
multicenter clinical trial with 4-year follow-up
results. J Neurosurg Spine 2015; 22: 15-25.
Lotz JC. Animal models of intervertebral disc
degeneration. Spine 2004; 29: 2742-2750.
Vergroesen PP, Kingma |, Emanuel KS, Hoogen-
doorn RJ, Welting TJ, van Royen BJ, van Dieen
JH, Smit TH. Mechanics and biology in interver-
tebral disc degeneration: a vicious circle. Os-
teoarthritis Cartilage 2015; 23:1057-1070.
Pye SR, Reid DM, Adams JE, Silman AJ, O’Neill
TW. Influence of weight, body mass index and
lifestyle factors on radiographic features of
lumbar disc degeneration. Ann Rheum Dis
2007; 66: 426-427.

Anderson DG, Tannoury C. Molecular patho-
genic factors in symptomatic disc degenera-
tion. Spine J 2005; 5: S260-S266.

Vamvakas SS, Mavrogonatou E, Kletsas D. Hu-
man nucleus pulposus intervertebral disc cells
becoming senescent using different treat-
ments exhibit a similar transcriptional profile
of catabolic and inflammatory genes. Eur
Spine J 2017; 26: 2063-2071.

Wang Sz, Jin JY, Guo YD, Ma LY, Chang Q, Peng
XG, Guo FF, Zhang HX, Hu XF, Wang C. Interver-
tebral disc regeneration using platelet-rich
plasma-containing bone marrow-derived mes-
enchymal stem cells: a preliminary investiga-
tion. Mol Med Rep 2016; 13: 3475-3481.
Sato M, Kikuchi M, Ishihara M, Ishihara M,
Asazuma T, Kikuchi T, Masuoka K, Hattori H,
Fujikawa K. Tissue engineering of the interver-
tebral disc with cultured annulus fibrosus cells
using atelocollagen honeycomb shaped scaf-
fold with a membrane seal (ACHMS scaffold).
Med Biol Eng Comput 2003; 41: 365-371.
Choi H, Johnson ZI, Risbud MV. Understanding
nucleus pulposus cell phenotype: a prerequi-
site for stem cell based therapies to treat inter-
vertebral disc degeneration. Curr Stem Cell
Res Ther 2015; 10: 307-316.

Sakai D, Mochida J, Iwashina T, Hiyama A, Omi
H, Imai M, Nakai T, Ando K, Hotta T. Regenera-
tive effects of transplanting mesenchymal
stem cells embedded in atelocollagen to the
degenerated intervertebral disc. Biomaterials
2006; 27: 335-345.

Risbud MV, Albert TJ, Guttapalli A, Vresilovic EJ,
Hillibrand AS, Vaccaro AR, Shapiro IM. Differ-

Int J Clin Exp Med 2019;12(3):2468-2476


mailto:fenggangncch@163.com

[13]

[14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

2476

Stem cells restrain intervertebral disc degeneration

entiation of mesenchymal stem cells towards a
nucleus pulposus-like phenotype in vitro: impli-
cations for cell-based transplantation therapy.
Spine 2004; 29: 2627-2632.

Lotz JC, Staples A, Walsh A, Hsieh AH. Mecha-
nobiology in intervertebral disc degeneration
and regeneration. Conf Proc IEEE Eng Med Biol
Soc 2004; 7: 5459.

Witkowska-Zimny M, Walenko K. Stem cells
from adipose tissue. Cell Mol Biol Lett 2011;
16: 236-257.

Sakai D, Mochida J, Yamamoto Y, Nomura T,
Okuma M, Nishimura K, Nakai T, Ando K, Hotta
T. Transplantation of mesenchymal stem cells
embedded in atelocollgen gel to the interverte-
bral disc: a potential therapeutic model for
disc degeneration. Biomaterials 2003; 24:
3531-3541.

Feng G, Wan Y, Shen FH, Li X. Nucleus pulpo-
sus explant culture model. J Orthop Res 2009;
27: 814-819.

Feng G, Wan Y, Balian G, Laurencin CT, Li X.
Adenovirus-mediated expression of growth
and differentiation factor-5 promotes chondro-
genesis of adipose stem cells. Growth Factors
2008; 26: 132-142.

Lu DS, Shono Y, Oda |, Abumi K, Kaneda K. Ef-
fects of chondroitinase ABC and chymopapain
on spinal motion segment biomechanics an in
vivo biomechanical, radiologic, and histologic
canine study. Spine 1997; 22: 1828-1834.
Masuda K, Aota Y, Muehleman C, Imai Y, Oku-
ma M, Thonar EJ, Andersson GB, An HS. A
novel rabbit model of mild, reproducible disc
de-generation by an anulus needle puncture:
correlation between the degree of disc injury
and radiological and histological appearances
of disc degeneration. Spine 2005; 30: 5-14.
Kregar Velikonja N, Urban J, Frohlich M, Nei-
dlinger-Wilke C, Kletsas D, Potocar U, Turner S,
Roberts S. Cell sources for nucleus pulposus
regeneration. Eur Spine J 2014; 23: 364-374.
Wang SZ, Rui YF, Lu J, Wang C. Cell and mo-
lecular biology of intervertebral disc degenera-
tion: current understanding and implications
for potential therapeutic strategies. Cell Prolif
2014; 47: 381-390.

[22]

(23]

[24]

(25]

(26]

(27]

(28]

Sun Z, Liu ZH, Zhao XH, Sun L, Chen YF, Zhang
WL, Gao Y, Zhang YZ, Wan ZY, Samartzis D,
Wang HQ, Luo ZJ. Impact of direct cell co-cul-
tures on human adipose-derived stromal cells
and nucleus pulposus cells. J Orthop Res
2013; 31: 1804-1813.

Gaetani P, Torre ML, Klinger M, Faustini M, Cro-
vato F, Bucco M, Marazzi M, Chlapanidas T,
Levi D, Tancioni F, Vigo D, Rodriguez y Baena R.
Adipose derived stem cell therapy for interver-
tebral disc regeneration: an in vitro recon-
structed tissue in alginate capsules. Tissue
Eng Part A 2008; 14: 415-1423.

Sakai D. Future perspectives of cell-based
therapy for intervertebral disc disease. Eur
Spine J 2008; 17: 452-458.

Watanabe K, Mochida J, Nomura T, Okuma M,
Sakabe K, Seiki K. Effect of reinsertion of acti-
vated nucleus pulposus on disc degeneration:
an experimental study on various types of col-
lagen in degenerative discs. Connect Tissue
Res 2003; 44: 104-108.

Xie X, Wang Y, Zhao C, Guo S, Liu S, Jia W, Tuan
RS, Zhang C. Comparative evaluation of MSCs
from bone marrow and adipose tissue seeded
in PRP-derived scaffold for cartilage regenera-
tion. Biomaterials 2012; 33: 7008-7018.
Strassburg S, Richardson SM, Freemont AJ,
Hoyland JA. Co-culture induces mesenchymal
stem cell differentiation and modulation of the
degenerate human nucleus pulposus cell phe-
notype. Regen Med 2010; 5: 701-711.

Frith JE, Cameron AR, Menzies DJ, Ghosh P,
Whitehead DL, Gronthos S, Zannettino AC,
Cooper-White JJ. An injectable hydrogel incor-
porating mesenchymal precursor cells and
pentosan polysulphate for intervertebral disc
regeneration. Biomaterials 2013; 34: 9430-
9440.

Int J Clin Exp Med 2019;12(3):2468-2476



