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Link N and Mesenchymal Stem Cells Can Induce
Regeneration of the Early Degenerate Intervertebral Disc

Fackson Mwale, PhD,"? Hong Tian Wang, PhD? Peter Roughley, PhD?
John Antoniou, MD, PhD,"? and Lisbet Haglund, PhD'*

Link N is a naturally occurring peptide that can stimulate proteoglycan synthesis in intervertebral disc (IVD) cells.
IVD repair can also potentially be enhanced by mesenchymal stem cell (MSC) supplementation to maximize
extracellular matrix (ECM) production. In a previous study, we have shown that Link N can inhibit osteogenesis
and increase the chondrogenesis of MSCs in vitro. The aim of the present study was to determine the potential of
MSCs and Link N alone or in combination with regard to tissue repair in the degenerate disc. Bovine IVDs with
trypsin-induced degeneration were treated with MSCs, Link N, or a combination of MSCs and Link N. Trypsin-
treated discs were also injected with phosphate-buffered saline to serve as a degeneration control. The ECM
proteins and proteoglycans were extracted from the inner nucleus pulposus (NP) of the discs, and sulfated
glycosaminoglycans (GAGs) were analyzed by the dimethyl methylene blue dye-binding assay. The expression of
type II collagen was analyzed by western blot. To track the MSCs after injection, MSCs were labeled with PKH67
and observed under confocal microscopy after the 2 week culture period. The GAG content significantly increased
compared with the degeneration control when degenerate discs were treated with MSCs, Link N, or a combination
of both Link N and MSCs. Histological analysis revealed that the newly synthesized proteoglycan was able to
diffuse throughout the ECM and restore tissue content even in areas remote from the cells. The quantity of
extractable type II collagen was also increased when the degenerate discs were treated with MSCs and Link N,
either alone or together. MSCs survived, integrated in the tissue, and were found distributed throughout the NP
after the 2 week culture period. MSCs and Link N can restore GAG content in degenerate discs, when admin-
istered separately or together. Treatment with MSCs and Link N can also increase the expression of type II
collagen. The results support the concept that biological repair of disc degeneration is feasible, and that the
administration of either MSCs or Link N has therapeutic potential in early stages of the disease.

Introduction

HE INTERVERTEBRAL DISCS (IVDs) link adjacent verte-
brae within the spine. They are composed of the pe-
ripheral annulus fibrosus (AF) and the central nucleus
pulposus (NP). The AF is a fibrosus tissue with concentric
lamellae that are rich in collagen fibrils.! The NP has a more
amorphous consistency, with collagen fibrils that have a
random orientation and a high content of aggrecan which
give it a gelatinous appearance and provide for the ability to
resist compressive loads. Aggrecan is a large proteoglycan
with numerous glycosaminoglycan (GAG) chains attached
to its core protein, which in the NP provides the osmotic
properties needed to counter the effects of compression.
All the mechanisms that contribute to degenerative
changes in the disc lead to biochemical alterations in the

composition and structure of extracellular matrix (ECM)
due to both depleted synthesis and increased degradation,
with aggrecan being particularly susceptible to proteolytic
damage and loss. Aging, poor nutrition, biomechanical,”
biochemical,>'* and genetic influences''™'* are associated
with increased IVD degeneration. During degeneration, loss
of GAG content in the NP occurs, changing it from a ge-
latinous structure to a fibrotic texture as it becomes more
collagenous, and fissures appear in both the NP and AF.'>'¢
This is commonly associated with low back pain, possibly
due to the nerve ingrowth and loss of disc height, which are
facilitated by proteoglycan depletion.!” Currently, there is
no medical treatment for IVD degeneration, ultimately
leaving surgical excision of the damaged tissue, insertion of
a cage or prosthesis to restore the IVD space, and vertebral
bone fusion as the only offered options. While this may
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provide relatively good clinical short-term results'® in pain
relief, in many instances it also alters spine biomechanics,
resulting in subsequent adjacent-level disc degeneration.

Biological repair of the degenerating IVD would be
preferable to surgical excision, and the type of biological
repair needed would change depending on the grade of de-
generation. The strategies for biological repair might require
supplementing the NP with cells, scaffolds, and/or growth
factors to stimulate the production of ECM components,
particularly aggrecan, to restore its function.

In this work, we used an organ culture model of early disc
degeneration, involving proteoglycan depletion but no sub-
stantial collagen disruption, to study the effect of molecular
and cell-based therapies, using Link N as an economic
growth factor analog and mesenchymal stem cells (MSCs)
as a cell supplement.

Materials and Methods
MSC culture

Human MSCs harvested from bone marrow were ob-
tained from Lonza (Basel, Switzerland). According to the
supplier, the cells were positive for CD105, CD166, CD29,
and CD44 and negative for CD14, CD34, and CD45. In
addition, the cells were confirmed to be able to differentiate
into osteogenic, chondrogenic, and adipogenic lineages. All
cells were expanded in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin
and were used within four passages.'®?" All culture reagents
were from Wisent, Inc. (St-Bruno, Canada).

MSC labeling and tracking

MSCs were labeled with PKH67 (Sigma-Aldrich, Oak-
ville, Canada) following the instructions of the supplier.
Briefly, 2x 10® MSCs were washed with DMEM without
FBS and collected as a loose pellet by centrifugation at 400 g
for Smin. The pellet was re-suspended in Diluent C and
quickly mixed with the dye solution. The cell/dye suspen-
sion was then incubated for 5 min, after which the reaction
was stopped by adding an equal volume of FBS. Viability of
the cells was measured by staining with trypan blue. An
aliquot was cultured in monolayer (Sarstedt, Saint-Léonard,
Canada) for 2 days to track the labeling efficiency. The
remaining cells were re-suspended in either phosphate-
buffered saline (PBS; Wisent, Inc.), or PBS supplemented
with 1 mg/mL Link N (CanPeptide, Montreal, Canada). The
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cell suspension was then injected into bovine discs pre-
treated with trypsin to induce degeneration.”'

Disc isolation and culture

The largest first 3—4 caudal discs were isolated from the
tails of 24- to 30-month-old steers, as previously de-
scribed. 2?2 Briefly, the tails were dissected free of skin,
muscles, and ligaments, and pedicles for each segment were
removed. The bone and the adjacent calcified part of the
cartilaginous endplate were removed, so that the surface of
the disc was soft and flexible without detectable calcified
tissue. After the discs were rinsed in PBS supplemented
with 1000 U/mL penicillin, 1000 pg/mL streptomycin, and
0.25 pg/mL fungizone (GIBCO, Burlington, Canada), they
were preconditioned for 3 days in sterile 80 mL specimen
containers (STARPLEX Scientific, Etobicoke, Canada)
containing 50mL culture medium (DMEM with 2mM
Glutamax and 25 mM Hepes, supplemented with 5% FBS,
100 U/mL penicillin, 100 pg/mL streptomycin, and 50 pg/
mL L-ascorbate). Degeneration was induced by a single
injection of 100 png trypsin (Sigma-Aldrich) dissolved in
75 uLL PBS into the center of the disc using a 28G1/2 nee-
dle?' The needle was placed on top of the disc to measure
the distance needed to reach the center and was then inserted
to the same depth. Once in the center, the trypsin soulution
was slowly injected and the needle was then gradually
pulled out to avoid back flow. The discs were then cultured
for another 4 days, before an injection of MSCs (10° cells),
Link N (75 pg), or a combination of MSCs (105 cells) and
Link N (75 pg) in a final volume of 75 pL. PBS. The Link N
concentration was based on the optimal dose for isolated
bovine disc cells (1 pg/mL) assuming an average volume of
the bovine discs to be 7.5 mL. The number of MSCs used
was based on a study by Liebscher er al.,** which measured
the cell density of healthy human discs. About half the
number of cells found in a healthy adult human disc were
used in this study, in order to avoid a potential detrimental
effect on cell survival due to nutrient deprivation as the
bovine discs already have a high cell density. For all ex-
perimental conditions, seven discs were injected. Seven of
the trypsin-treated discs were injected with PBS alone to
serve as degeneration controls and to verify that the trypsin
was active in degrading the proteoglycan content of the NP.
Seven discs were cultured without any injection to serve as
nondegeneration controls. The discs were then cultured for
14 days, and the media were changed every 3 days. The
discs were randomized as indicated in Table 1.

TABLE 1. RANDOMIZATION OF Discs

Animal Degeneration control Nondegeneration control Link N MSCs Link N+ MSCs
1 X X X X

2 X X X X

3 X X X X

4 X X X X

5 X X X X

6 X X X X

7 X X X X

8 X X X X

9 X X X

MSCs, mesenchymal stem cells.
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Analysis of discs by microscopy and histology

At termination of culture, two sections were taken through
the center of the discs using an in-house designed cutting tool
consisting of two microtome blades.?' This gives two 750 um
thick slices about 3 cm wide (disc diameter) and 1cm high
(disc height). One slice was fixed in formalin-free fixative
(Accustain; Sigma-Aldrich) for histology analysis. Fixed
samples were embedded in paraffin wax, and 5-pm-thick
sections were cut and stained with hematoxylin and Safranin
O-fast green.”* The other slice was used fresh to study the
distribution of MSCs in the disc tissue. The labeled stem cells
populating the discs were visualized using an inverted con-
focal laser scanning microscope (CLSM; Zeiss LSM 510).
Twenty consecutive 6 um sections were imaged, and CLSM
stacks were split into single images.

Extraction of ECM proteins and proteoglycans

The remaining NP tissue was collected, and the wet
weight was recorded.?' The tissue was cut into small pieces
and suspended in 14 volumes of extraction buffer (4 M
guanidinium chloride, 50 mM sodium acetate, pH 5.8, 10 mM
ethylenediaminetetraaceticacid, COMPLETE®; Roche, La-
val, Canada) for protein and proteoglycan extraction. The
tissue was extracted with continuous stirring at 4°C for 48 h,
and the extracts were cleared by centrifugation at 12,000 g for
30min at 4°C. The supernatants were collected and stored at
—80°C for further analysis.

GAG analysis

Sulfated GAGs were quantified in tissue extracts by a
modified dimethyl methylene blue (DMMB) dye-binding
assay.”>?° Samples were diluted to fall within the middle
of the linear range of the standard curve. An extraction
buffer of an equal volume as the tissue extracts was ad-
ded to the standard curve to compensate for possible
interference.

Proteoglycan analysis by agarose gel electrophoresis

Proteoglycan composition was analyzed by agarose gel
electrophoresis.?’ Proteoglycans in 10 pL aliquots of disc
extracts were precipitated with anhydrous ethanol and
dissolved in distilled water. The samples were mixed with
sample buffer (0.1 M Tris-HCI, 0.768 M glycine, 0.01%
Bromophenol blue, 1.2% glycerol, 0.05% sodium dodecyl
sulfate [SDS], pH 8.3) and boiled for 10 min. The pro-
teoglycans were separated by electrophoresis in 1.2%
agarose gels. The gel was stained with 0.02% (w/v) To-
luidine blue in 3% acetic acid with 0.5% (w/v) Triton X
100, and destained with 3% acetic acid and then distilled
water.

Aggrecan and type Il collagen analysis by western blot

Proteins and proteoglycan in 10pL aliquots of disc
extracts were precipitated by the addition of nine volumes
of anhydrous ethanol, washed twice in 95% ethanol, and
finally lyophilized. Samples for analysis of type II colla-
gen were dissolved in distilled water. Samples for analysis
of aggrecan were dissolved in buffer (0.05M Tris-HCI,
with 0.03M Sodium acetate, pH 7.4, COMPLETE) and
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digested by keratanase I and chondroitinase ABC (Ams-
bio, Lake Forest, CA). The samples from the same treat-
ment group were pooled, mixed with SDS sample buffer,
and boiled for 10 min. Then, the proteins were separated
by SDS-polyacrylamide gel electrophoresis (PAGE) (4—
12% Bio-Rad® gels) under reducing conditions. Separated
proteins were transferred to nitrocellulose membranes that
were blocked with 1% bovine serum albumin in PBS with
0.2% Tween 20 (blocking buffer). Then, they were incu-
bated with the primary antibodies at a 1:2000 dilution in
blocking buffer at 4°C overnight, followed by incubation
with the secondary antibody conjugated with horseradish
peroxidase (1:5000 dilution; Sigma-Aldrich) in blocking
buffer. The primary antibody recognizing collagen type II
was from Abcam (Toronto, Canada); the primary antibody
recognizing the aggrecan G1 domain was prepared as
previously described.”® The bound antibody was visual-
ized by chemiluminescence (GE Healthcare Baie d’Urfe
Canada) and analyzed using a Bio-Rad VersaDoc image
analysis system (Bio-Rad, Mississauga, Canada).

Statistical analysis

Statistical analysis was performed by using analysis of
variance followed by Fisher-protected least significant dif-
ference post hoc test by using Statview (SAS Institute, Inc.,
Cary, NC). Results are presented as the mean = standard
deviation of seven independent experiments with discs from
different bovine tails. Differences were considered statisti-
cally significant where p <0.05.

Results

Link N is known to induce proteoglycan synthesis by iso-
lated disc cells and in degenerate rabbit discs, and to enhance
chondrogenesis of MSCs in vitro.?**°=! 1t is however, not
known whether Link N or MSCs alone can restore the pro-
teoglycan content in larger discs with early degeneration. It is
also not known whether a combination of Link N and MSCs
would have an additive effect. To test this, bovine discs with
proteolytically induced aggrecan depletion were treated with
Link N or MSCs alone or with a combination of Link N and
MSCs. The discs were cultured for a 2 week period after
treatment, and the concentration of extractable proteoglycans
was quantified by the DMMB assay (Fig. 1). Without inter-
vention, the GAG content in degenerate discs dropped to
about 50% of that in nondegenerate controls. In contrast, Link
N and MSCs alone, or in combination, significantly increased
the GAG content of the discs compared with the GAG content
in degeneration control discs (p<0.05). The proteoglycan
concentrations in treated discs were similar to that in non-
degenerated discs. However, no statistical significance was
observed among the treated groups (p>0.05). This indicates
that in early degeneration, either Link N or MSCs alone has
the potential to restore proteoglycan to its original level and
no additional benefit is achieved by a combination therapy.

Having equal proteoglycan content does not necessarily
imply that the structure is the same as that in the normal
disc. To address this, extracted proteoglycans were analyzed
by agarose gel electrophoresis. The size distribution and
intensity of staining in the treated discs is equivalent to that
of nondegenerated control discs, whereas the intensity of the
staining is lower in degeneration control discs (Fig. 2). The
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FIG. 1. Proteoglycan concentration in the discs. Proteogly-
can concentrations were determined in discs with induced de-
generation, discs treated with Link N, mesenchymal stem cells
(MSCs), both Link N and MSCs, and nondegeneration control
discs. The results are represented as mean =+ standard deviation
(SD) of seven discs from different bovine tails. (*p <0.05).

data demonstrate that the newly synthesized proteoglycans
produced in the treated discs are of the same size range as
those of the nondegenerate discs.

In addition, the presence and abundance of intact aggrecan
core protein was evaluated by SDS-PAGE. Intact aggrecan
core protein with a mass larger than 250kDa was significantly
lower in degeneration control discs compared with non-
degenerated control discs (p<0.05), whereas the injection of
Link N and/or MSCs significantly increased the quantity to a
level comparable to the nondegenerate control discs (Fig. 3).

LinkN
& MSC

Link N MSC

Degeneration
control

Non-degeneration
control

FIG. 2. Size distribution of proteoglycans in the discs. The
proteoglycan isolated from seven discs with different treat-
ments was pooled and analyzed by agarose gel electropho-
resis. Proteoglycan was visualized by Toluidine blue staining.
Color images available online at www .liebertpub.com/tea
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FIG. 3. Analysis of aggrecan core protein in the discs. (A)
Western blot analysis of aggrecan core protein in degener-
ation control, Link N treated, MSCs treated, both Link N
and MSCs treated, and no degeneration control discs. (B)
Semi-quantitative analysis of intact aggrecan core protein
with a molecular weight of about 250kDa ([ ]). The results
are represented as mean = SD of seven discs from different
bovine tails. (*p <0.05).

Disc repair also requires collagen production to generate a
stable matrix. Therefore, the levels of recently produced
extractable type II collagen were assessed (Fig. 4). The
quantity of type II collagen extracted from the degeneration
control discs was significantly lower than in nondegenerated
control discs. When the discs were injected with MSCs and/
or Link N, the quantities of type II collagen were increased
to a similar level to that detected in nondegenerate control
discs. Thus, both Link N and MSCs stimulate not only ag-
grecan production, but also that of type II collagen.

Histological analysis was used to evaluate proteoglycan
distribution within the repair tissue. Safranin O and fast green
staining of tissue sections confirmed a uniform loss of pro-
teoglycans in the degeneration control discs, where little Sa-
franin O (red) staining was found (Fig. 5). The results further
confirmed that the proteoglycan content in degeneration
control discs was depleted throughout the NP region. In the
discs treated with MSCs or Link N alone or together, the
intensity and distribution of the Safranin O staining showed
an even distribution throughout the NP region, similar to that
of nondegeneration control discs. Thus, the newly synthesized
proteoglycan was able to diffuse throughout the ECM and
restore tissue content even in areas remote from the cells.
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FIG. 4. Analysis of newly synthesized type II collagen in
the discs. (A) Western blot analysis of type II collagen in
degeneration control, Link N treated, MSCs treated, both
Link N and MSCs treated, and no degeneration control
discs. (B) Semi-quantitative analysis of collagen alpha
chains with a molecular weight of 135kDa ([ ]). The results
are represented as meanx SD of seven discs from different
bovine tails. (*p <0.05).

For MSC-induced repair processes to be sustained, the
injected stem cells need to remain viable and distributed
throughout the repair tissue. To address this, MSCs were
labeled with PKH67 (Fig. 6A, B) and cultured for 2 days in
a monolayer to evaluate labeling efficiency and dye sus-
tainability. MSC viability was higher than 90% when the
cells were labeled and suspended in PBS or Link N/PBS
solution before injecting into the trypsin-treated discs. To
evaluate whether the injected MSCs survived and inte-
grated in the ECM of the discs, cells were traced by con-
focal microscopy. Labeled MSCs were found distributed
throughout the NP region after the 2 week organ culture
period (Fig. 6C, D), indicating the feasibility of a sus-
tainable repair process.

Discussion

In the current study, we used an organ culture model of
early disc degeneration to study the potential of molecular
and cell-based therapies to restore IVD proteoglycan con-
tent. We used Link N as a molecular agent and MSCs as a
cell supplement. The degenerate discs were treated with
either therapy separately or in combination, and the results
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revealed that Link N or MSCs alone have the ability to
restore tissue proteoglycan and that no additional effect was
observed by a combination of the two.

Previous work has demonstrated the potentlal of Link N
to stimulate disc repair.*** Although Link N is cleaved by
AF cells, the resulting N-terminal eight amino acid peptide
appears to be proteolytically stable and retains biological
activity (unpublished data). Studies utilizing isolated IVD
cells in vitro showed that Link N could induce collagen and
proteoglycan message levels and result in increased incor-
poration of radioactive *>SO, into newly synthesized pro-
teoglycans.*>** In add1t10n Link N injection into intact
human IVDs £x vivo™ resulted in increased incorporation of
radioactive *>SO, in newly synthesized proteoglycans, and
Link N led to partial restoration of disc height when injected
into rabbit discs in a stab model of disc degeneration.’®
However, the current study is the first which demonstrates
that Link N can actually restore proteoglycan content, which
is an essential prerequisite for any biological IVD repair
technique designed to restore the functional properties of the
degenerate disc.

The model used in the current study mimics early-stage
degeneration in a young adult, where the tissue has suffi-
cient numbers of cells that can respond to Link N stimula-
tion. In contrast, diminishing cell numbers, cell senescence,
and possibly an inflammatory environment, on the other
hand, often characterize human disc degeneration. Previous
work from our group has shown that Link N is equally
potent in an inflammatory environment™ However, it still
needs to be established at what stage of degeneration, cell
number and activity drops below a level where a bioactive
substance alone is insufficient to induce repair. At this stage,
it might be necessary to also supply additional cells that are
capable of synthesizing disc ECM.

There is no benign site where autologous IVD cells can be
harvested and used as a cell source for IVD repair, leaving
MSC:s as an attractive option. The potential use of MSCs for
IVD repair has been described in small animals.*7 Fa-
vorable results in rabbits demonstrate increased disc height,
as well as ECM deposition and hydration. However, other
studies in the rabbit report osteophyte formation, especially
when MSCs were administered without a scaffold or with-
out sealing of the AF.*® Since Link N is known to promote
chondrogenesis and to reduce osteogenesis of human MSCs
in vitro, it may be considered an ideal candidate for a
combination therapy.”® In addition to animal studies, a
small-scale human clinical trial has reported improved pain
and disability score.”® No increase in disc height was found
in the clinical trials, but an increase in hydration measured
by magnetic resonance imaging (MRI) could be detected.
Our results indicate that MSC supplementation could be a
viable option in early degeneration. However, since endplate
calcification is associated with degeneration,40 it remains to
be seen whether the resulting compromised nutritional
pathway in degenerate discs would support the metabolic
activity of additional cells.*'*?

While the use of MSCs for IVD repair is promising, it
remains to be established at what degree of degeneration
they would be a therapeutic option. It is also not clear
whether the cells should be administered alone or in a hy-
drogel, and whether bioactive components such as Link N
should be included. The current model does not result in the
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generation of fissures but only molecular depletion, whereas
natural disc degeneration often involves the creation of
fissures. To repair such lesions, it may require injecting
Link N and stem cells in a polymerizable scaffold that will
fill the lesions and enable uniform distribution of the ther-
apeutic agents.

The source of stem cells is another critical point. While
either autologous adipose or bone marrow stem cells are a
readily available source, their differentiation potential is
reported to decrease with age and in disorders such as ar-
thritis.*> Another possibility is the use of induced pluripo-
tent stem cells, but safety issues with these cells still need to

.
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FIG. 5. Proteoglycan dis-
tribution in the nucleus pul-
posus region of the discs.
Discs with trypsin-induced
degeneration were cultured
for 14 days after an injection
with Link N, MSC, or Link N
plus MSCs. These were
compared with degeneration
control and nondegeneration
control discs. The discs were
evaluated by histology using
Safranin O staining (scale
bar, 100 pm).

be evaluated. Further work is required in all of these areas if
stem cell therapy is to become a viable option.

Reliable detection methods of early degeneration will be key
to selecting patients who are suitable for the different treatment
options, and the development of more sensitive and quantita-
tive MRI methods will help in patient selection.**~*® One part
of the controversy is whether one should treat only the painful
degenerate disc rather than disc degeneration per se. It is not
unreasonable to suggest that one should treat degenerate
(nonpainful) discs in a prophylactic manner in an attempt to
repair or at least retard degeneration and possibly so, prevent
future development of pain and delay the need for surgery.

FIG. 6. Labeling and tracking of the
MSCs. (A) MSC cell membranes were la-
beled using the PKH67 kit (green fluores-
cence), and the labeling efficiency was
evaluated using fluorescence microscopy
(Scale bar, 10 um). (B) Labeled MSCs were
cultured in expansion medium for 2 days,
and maintained labeling was verified using
fluorescence microscopy (Scale bar, 50 pm).
(C) The presence of labeled MSCs was de-
termined in the nucleus pulposus region after
14 days in organ culture (scale bar, 50 um).
(D) Magnification of (C) (scale bar, 10 pm).
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Conclusion

In conclusion, the results support the concept that bio-

logical repair is a feasible process for treating the degenerate
disc. They also imply that during the early stages of disc
degeneration in the young adult, the administration of either
Link N or MSCs has therapeutic potential.
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