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Abstract

Intervertebral disc (IVD) degeneration and consequent lower back pain is a common disease. Micro fragmented adipose tissue
(MFAT) is promising for a wide range of applications in regenerative medicine. In this study, MFAT was isolated by a none-
nzymatic method and co-cultured with nucleus pulposus cells (NPCs) using an indirect co-culture system in vitro. A pig disc
degeneration model was used to investigate the regenerative effect of MFAT on degenerated IVDs in vivo. The mRNA
expression of Sox9, Acan, and Col2 in NPCs was significantly increased, while no significant increase was observed in the mRNA
expression of proinflammatory cytokine genes after the NPCs were co-cultured with MFAT. Nucleus pulposus (NP)-specific
markers were increased in MFAT cells after co-culture with NPCs. After injection of MFAT, the disc height, water content,
extracellular matrix, and structure of the degenerated NP were significantly improved. MFAT promoted the matrix synthesis
function of NPCs, and NPCs stimulated the NP-like differentiation of MFAT cells. In addition, MFAT also partly regenerated

degenerated [VDs in the pig model.

Keywords

intervertebral disc, micro fragmented adipose tissues, nucleus pulposus cell, co-culture, pig disc degeneration model

Introduction

Intervertebral disc (IVD) degeneration and consequent low
back pain are major health problems in Western societies
and affect 12% to 35% of people in Western countries at
some point in their lives, with approximately 10% of indi-
viduals becoming disabled'. The IVDs lie between the ver-
tebral bodies and act as the joints of the spinal column. The
outer annulus fibrosus, the inner nucleus pulposus (NP), and
the cartilage endplates form the IVD?. A number of large
vacuolated cells, named nucleus pulposus cells (NPCs), are
located in the NP?. The dysfunction of NPCs initiates the
loss of extracellular matrix (ECM) and is thought to be the
reason for IVD degeneration®.

Stem cells have great potential to differentiate into vari-
ous cell types and are usually used as seeding cells in regen-
erative therapy™*°. Mesenchymal stem cells (MSCs) can be
used to regenerate degenerated IVDs because they can be
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guided to differentiate into an NP-like phenotype under spe-
cific environments’*. Growth factors and bioscaffolds are
two widely used stimulating factors for inducing MSC dif-
ferentiation. Our previous studies demonstrated that trans-
forming growth factor-p, insulin-like growth factor (IGF)-1,
and fibroblast growth factor (FGF)-2 stimulate the NP-like
differentiation of MSCs”'®. Other growth factors, such as
growth differentiation factors 5 and 6, also been shown to
induce the differentiation of MSCs into an NP-like pheno-
type by other research groups' 2. Bioscaffolds incorporated
with growth factors and MSCs are often transplanted to
regenerate the degenerated NP. ECM-based scaffolds pro-
moted the NP-like differentiation of MSCs in vitro and
regenerated the degenerated NP in a rat tail disc degenera-
tion model'®. MSCs cultured in gelatin-based scaffolds also
showed increased expression of NP markers'®. However,
MSCs need to be isolated and expanded before transplanting,
which may prolong the preparation time of regenerative
therapy. In addition, in vitro expansion may also alter the
biology and decrease the differentiation potential of
MSCs'>1°.

MSCs can be derived from bone marrow, adipose tissue,
or other tissues'”'®. Adipose-derived stem cells (ADSCs)
are one of the most commonly used MSCs because of their
ease of access and high proliferation rate'®. ADSCs localize
in subcutaneous adipose tissues, and traditionally, the stro-
mal vascular fraction (SVF) of subcutaneous adipose tissue
is obtained and processed to isolate ADSCs*°. The SVF of
subcutaneous adipose tissue consists of a heterogeneous
population of cells, including ADSCs, endothelial precursor
cells, pericytes, fibroblasts, and so on’'. A previous study
demonstrated that ADSCs in the SVF play an important role
in tissue regeneration and that the SVF can be used as an
alternative therapeutic agent in place of ADSCs** %,
Directly injecting the SVF decreases the negative effects
of pretreatment on the biology and differentiation potential
of ADSCs. The SVF has already been used in Achilles ten-
dinopathy treatment, breast reconstruction, and other treat-
ments in clinical trials*>*®. Comella et al. treated patients
with IVD degeneration by intradiscal implantation of SVF
plus platelet-rich plasma, and a majority of patients reported
improvements in several parameters, including flexion and
pain rating?’. However, the isolation of the SVF by tradi-
tional methods such as collagenase does not bode well with
regulatory authorities®®. Adverse effects of the SVF were
also observed during the treatment of IVD degeneration in
a goat model®®. Recently, a study reported that micro frag-
mented adipose tissue (MFAT) that was isolated from adi-
pose tissues using a mechanical method showed better
effects in repairing cartilage tissues’’. The main composi-
tions of the SVF and MFAT are similar, and the most sig-
nificant difference between the SVF and MFAT is the
enzymatic and mechanical techniques used for isolation.
Matrix in the MFAT is more similar to adipose tissue com-
pared with that in the SVF. However, the effects of MFAT in
regenerating degenerated IVDs are still not clear.

Studies have reported that co-culturing MSCs with NPCs
enhances the proliferation and differentiation of MSCs in
vitro®'. Moreover, MSCs also increased the expression of
matrix gene markers and enhance matrix synthesis in degen-
erated NPCs in a co-culture system’2. In addition, MSCs
decreased the expression levels of proinflammatory cytokine
genes such as [L-1q, IL-10, IL-6, and TNF-a in degenerative
NPCs during co-culture®®. Both MSCs and NPCs affect each
other regarding biology and cell phenotype during co-
culture. After transplantation of MFAT into the degenerated
IVD, there should also be interactions between NPCs and
MFAT. However, the interactions between MFAT and NPCs
have not been studied before.

In this study, we aimed to regenerate the degenerated NP
directly with MFAT. The co-culture system was used to
investigate the interaction effects between MFAT and
NPCs, and the inflammatory response of the NPCs to
MFAT was also detected during co-culture. We also veri-
fied the regenerative effects of MFAT on degenerated IVDs
in a pig disc degeneration model. We hope our study will
be beneficial for the development of IVD regeneration
therapy.

Materials and Methods
Cell Isolation and Culture

Human MFAT were obtained from the liposuction of sub-
cutaneous fat from healthy donors aged from 18-45 years
with mild mechanical processes by Lipogems system
(Lipogems biotechnology, Shandong, China). The study
was approved by the ethics committee of the Second
Affiliated Hospital of Zhejiang University School of Med-
icine. hADSCs were isolated as previously described.
Briefly, adipose tissues were washed with phosphate buf-
fered saline and visible blood vessels were removed. Then,
tissues were cut into pieces and digested for 40 min at 37°C
with 2 mg/mL collagenase type I (Gibco, Shanghai, China).
The supernatant was discarded after being centrifuged at
1000 rpm for 5 min. The cell pellet was resuspended with
Dulbecco’s Modified Eagle Medium (DMEM)-Low Glu-
cose supplemented with 10% fetal bovine serum, 4 mM
L-glutamine and 1% penicillin-streptomycin and seeded
on a T75 flask. Cells were cultured under static conditions
in a humidified incubator at 37°C with 5% CO,. Medium
was completely replaced every 3 days until cells reached
confluency. hADSCs at passages 3—5 were then harvested
for subsequent experiments. hNPCs were bought from Pro-
cell (Procell Life Science & Technology, Hubei, China)
and cultured on Matrigel in DMEM-High Glucose supple-
mented with 10% fetal bovine serum, 4 mM L-glutamine
and 1% penicillin-streptomycin solution at 37°C with 5%
CO,. Medium was completely replaced every 3—4 days.
hNPCs at passages 3—5 were harvested for subsequent
experiments.
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Table I. Primers Used in Quantitative RT-PCR.

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’)

18s ATCCTCAGTGAGTTCTCCCG CTTTGCCATCACTGCCATTA
Acan AGAATCAAGTGGAGCCGTGT GGTAGTTGGGCAGTGAGACC
Sox9 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG
Col2 CATCCCACCCTCTCACAGTT ACCAGTTAGTTTCCTGCCTCTG
Coll AGTCTGTCCTGCGTCCTCTG TGTTTGGGTCATTTCCACAT
TNF-o TCAGAGGGCCTGTACCTCAT GGAGGTTGACCTTGGTCTGG
IL-1B CAGAAGTACCTGAGCTCGCC AGATTCGTAGCTGGATGCCG
IL-6 CTCATTCTGCCCTCGAGCC TTGTTACATGTTTGTGGAGAAGG
Krtl9 GATAGTGAGCGGCAGAATCA CCTCCAAAGGACAGCAGAAG
Pax| GACAATCCCAGGCTACCAAG GCTCCACTCACAAACAGCAA
Gpc3 CCTTTGAAATTGTTGTTCGCCA CCTGGGTTCATTAGCTGGGTA
Gdfl0 ACTTTGACGAGAAGACGATGC GGTTGGATGGACGAACGAT

Flow Cytometry Analysis and Multi-Lineage Differentiation

hADSCs at passage 3 were used for flow cytometry analysis
and to undergo multi-lineage differentiation. MSC surface
marker genes (CD34, CD45, CD19, CD90, CD105;
eBioscience, Shanghai, China) were detected by a FACS Cali-
bur Cytometer (FACScan, BD Biosciences, San Jose, CA,
USA) equipped with CellQuest software (BD Biosciences).
For multi-lineage differentiation, hADSCs were cultured for
12 days with osteogenic differentiation medium (Cyagen
Biosciences, Guangzhou, China) and stained with alizarin red
(Sigma, Shanghai, China). Adipogenic differentiation of
hADSCs was performed using an adipogenesis kit (Cyagen
Biosciences), and Oil Red O (Sigma) stained after culture for
18 days. hADSCs were cultured for 21 days with chondro-
genic differentiation medium®* and stained with alcian blue
(Sigma) to determine the chondrogenic differentiation.

Co-Culture System

Transwell (Corning, Jiangsu, China) and 12-well plates were
used as an indirect co-culture system in this study. To study
the effects of hANPCs on MFAT and hADSCs, 0.5 mL MFAT
or hADSCs were cultured on the plates and hNPCs were
seeded into the transwell. The density of hADSCs and
hNPCs were both at 1 x 10%cm?. To determine the effects
of MFAT on hNPCs, hNPCs at a density of 1 x 10%cm?
were seeded onto the plates while 0.5 mL MFAT or hADSCs
at 1 x 10*cm” were cultured in the transwell. Transwells
without cells were set as a control. Cells were cultured in
DMEM-High Glucose supplemented with 10% fetal bovine
serum, 4 mM L-glutamine and 1% penicillin-streptomycin
solution at 37°C with 5% CO,. The pH level of the culture
media was adjusted to pH 6.8 with sterilized HCI (1 M) to
represent the mildly degenerated VD36,

Real-Time Quantitative Polymerase Chain Reaction
(RT-PCR)

Cells in the plates were collected and total RNA was
extracted with RNAiso reagent (Takara Bio, Beijing, China).

Reverse transcription was performed with PrimeScript™
RT Reagent Kit (Takara Bio) to obtain cDNA, after which
the cDNA was diluted with RNAse-free water. The expres-
sion levels of mRNA were analyzed utilizing the StepOne-
Plus Real-time PCR System (Applied Biosystems, Foster
City, CA, USA) and SYBR Green (Takara Bio). The thermal
conditions were as follows: 95°C (30 s) for initial denatura-
tion, 40 cycles at 95°C (15 s) and 60°C (30 s). The results
were calculated using the 24" method. All primers were
synthesized by Sangon Biotech (Shanghai, China) and 18 s
rRNA was used as the housekeeping gene (Table 1).

Western Blot Analysis

Total protein was extracted from the cells cultured in the
plates using RIPA Lysis Buffer (Beyotime Biotechnol-
ogy, Shanghai, China). After being quantified with a
BCA protein quantification kit (Beyotime Biotechnol-
ogy), 30 ug of total proteins were separated with 10%
sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis and transferred to a PVDF transfer membrane (Milli-
pore, Shanghai, China). The membranes were then
blocked with 5% skim milk in Tris-buffered saline with
0.1% Tween-20 (TBST) at room temperature for 1 h and
hybridized with appropriate primary antibody (SOX9
(1 pg/mL; Abcam, Shanghai, China), aggrecan (1 pg/
mL; Abcam), collagen II (0.2 pg/mL; Abcam), collagen
I (1 pg/mL; Abcam), KRT19 (1 pg/mL; Abcam), glypi-
can 3 (2.5 pg/mL; Abcam), PAX1 (1.25 pg/mL; Abcam),
GDF10 (10 pg/mL; Abcam) or GAPDH (0.1 pg/mL;
Santa Cruz, Shanghai, China)) at 4°C overnight. After
that, the membranes were incubated with a horseradish
peroxidase-labeled secondary antibody (0.1 pg/mL; Santa
Cruz) for 1 h at room temperature. The immunoreactive
bands were visualized using an enhanced chemilumines-
cence substrate (Millipore). The expression levels of
protein were quantified by densitometry using the Image
Lab™ Software (Bio-Rad Laboratories Inc., Munich,
Germany).
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Animal and Surgical Procedure

All procedures were approved by the Institutional Animal
Care and Use Committee of Zhejiang University. Six male
BA-MA Mini pigs weighting approximately 25 kg were
obtained from the Laboratory Animal Research Center of
Zhejiang Chinese Medical University and used for the in
vivo experiments. Drugs (acepromazine 0.25 mg/kg, keta-
mine 20 mg/kg, and atropine 0.02—0.05 mg/kg) were injected
intramuscularly to pacificate the pigs, and propofol (2 mg/
kg) was then injected intravenously to induce full anesthesia.
Anesthesia was maintained using 1%-3.5% isoflurane
inhaled via the tracheal tube for the duration of the proce-
dure. Autogenous MFAT was obtained from the subcuta-
neous fat in the groin of pigs by Lipogems system
(Lipogems biotechnology). IVD degeneration was induced
by the validated pig needle puncture model®>’~®. Each pig’s
spine was exposed from an anterolateral retroperitoneal
approach under sterile conditions. A 16-gauge hollow tro-
char and cannula was inserted into the NP of L2-L3, L3-L4
and L4-L5 lumber IVDs, and suction was applied to remove
0.5 mL of viscous opalescent fluid. Four weeks after stab, the
L2-L3 disc was set as the degeneration group and injected
with 200 pL of DMEM, the L3-L4 disc was regarded as the
MFAT group and injected with 200 pL of MFAT, and the
L4-L5 disc was regarded as the ADSCs group and injected
with 200 puL of 2 x 10° autologous ADSCs. The L1-L2 disc
was left undisturbed to serve as the control group. After that,
the surgical incisions were closed and pigs were permitted
free cage activity.

Radiography and Magnetic Resonance
Imaging (MRI) Analysis

The lumbar spines of pigs at 0, 4, 8, and 16 weeks after
injection were detected by an X-ray system (Philips Digital-
Diagnost system, Amsterdam, Netherlands) and a 3.0 T MRI
scanner (GE Medical Systems, UK). Pigs were anesthetized
and placed in a lateral position before detection. Radio-
graphs were obtained by X-ray system and disc height index
(DHI) was calculated®® and analyzed by two independent
and blinded observers. T2-weighted midsagittal sections
were obtained by MRI scanner and analyzed. An MRI
index (the area of the NP multiplied by the average signal
intensity) was used to evaluate the water content and
degenerative changes of the NP. The parameter settings
of the MRI scanner were as follows: spin echo repetition
time, 3200 ms; echo time, 102 ms; field of view, 26 x 26
cm; slice thickness, 3 mm.

Histological Analysis and Immunohistochemistry

Specimens of from the pigs were harvested at 16 weeks after
injection and fixed in 4% paraformaldehyde, decalcified
using 10% Ethylene Diamine Tetraacetic Acid, embedded
in paraffin, and cross-sectioned (5 pum). Specimens were

stained with hematoxylin and eosin (H&E) and safranine
O-fast green (S-O), and observed by a microscope (BX51;
Olympus, Tokyo, Japan). Immunohistochemical analysis of
specimens weas performed as follows: specimens were
firstly treated with 3% H,0, for 10 min, and blocked with
5% bull serum albumin for 30 min at room temperature.
Then, specimens were hybridized with anti-type II collagen
antibody (diluted at 1:200; Abcam, Shanghai, China) at 4°C
overnight. Biotin-conjugated second antibody was used to
incubate the specimens for 1 h at room temperature. Immu-
nostaining was detected by SABC kit (BOSTER Biological
Technology, Wuhan, China) and images were obtained by a
microscope.

Biochemical Analysis

NP samples from pigs were obtained at 16 weeks after injec-
tion and digested with 125 pg/mL papain (Sigma) for 18 h at
60°C before biochemical analysis. The content of sGAG and
hydroxyproline was quantified by Blyscan assay (Biocolor,
Beijing, China) and Hydroxyproline Assay Kit (Jiancheng
Bioengineering Institute, Jiangsu, China) following the man-
ufacturer’s protocol and normalized with sample dry weight.

Statistical Analysis

Statistical analysis was performed with SPSS software pack-
age (Version 22.0 for Windows, SPSS Inc., USA). All
experiments were performed in triplicate at minimum, and
data were assessed for normality using the Shapiro Wilks
Normality test. The data passing normality were presented
as mean =+ standard error of mean. The statistical signifi-
cance of the differences between experimental groups was
determined with a two-tailed Student’s #-test or one-way
analysis of variance (ANOVA) following Tukey’s post hoc
test. A value of p < 0.05 was considered statistically
significant.

Results
Isolation and Characterization of hADSCs

hADSCs at passage 3 were characterized by the detection of
surface markers and multi-lineage differentiation ability.
hADSCs had high expression of mesenchymal surface mar-
kers, including CD90 and CD105, and lacked expression of
the primitive hematopoietic progenitor and endothelial cell
marker CD34, the pan-leukocyte marker CD45, and the B
cell marker CD19 (Fig. 1A). Alizarin red staining was pos-
itive after 12 days of culture in osteogenic medium, and the
mineral deposition was stained red. hADSCs were induced
by adipogenic differentiation medium for 18 days and
stained with Oil Red O. Positive staining was observed after
cells were cultured in chondrogenic differentiation medium
for 21 days and stained with alcian blue (Fig. 1B).



Zhou et al

A FITC-isotype CD34 CD45
300 7 0.00% 200
—_—
200 0.195%
0.00%
— 200 - 200 -
§ 2001 5 g
3 3 8
100 100 1007
0 Rl | YT T T 0 TeTR Ty T T YT 0 TRy L | Liia | R
i} 1\32 10 10‘ 105 o 102 10 10 10 o 10 10 10 10
FITC-A FITC-A FITC-A
CD19 CD90 CD105
300 300 4
0.016% 250 99.7% 99.7%
200
200 9 200 9
B g 0] B
o o Q
100 1 1007 100
50
0 TR T YT T YT 0 PTETR T T T YT 0 T Yere Ll | T o
0 102 10 10‘ 105 o 102 10 10‘ 10 o 102 10 10 10
FITC-A FITC-A FITC-A
B Osteogenesis Adipogenesis Chondrogenesis

Figure I. Isolation and characterization of hADSCs. (A) Cell surface markers expressed by hADSCs were determined by flow cytometry.
(B) The multi-lineage differentiation of hADSCs were confirmed by alizarin red staining, Oil Red O staining, and alcian blue staining. hADSCs
cultured on plates without induction of differentiation was set as control. N=9; Scale bar = 500 um.

Effects of MFAT and hADSCs on the Matrix Synthesis
Function of hNPCs

After co-culture with hADSCs, the gene expression of Acan,
Sox9, Col2, and Coll in hNPCs did not change significantly
on days 7 and 14 (p > 0.05). However, the gene expression of
Acan, Sox9, and Col2 increased significantly in the MFAT

group compared with those of the other two groups on both
days 7 and 14 (p < 0.01). No significant difference was
observed among the three groups in the gene expression of
Coll on day 7 or 14 (p > 0.05, Fig. 2A). We also measured
the protein expression levels of aggrecan, SOX9, COL2, and
COL1 on day 21 to show the matrix synthesis function of
hNPCs. The MFAT group had the highest expression levels
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Figure 2. Effects of MFAT and hADSCs on the matrix synthesis function of hNPCs. (A) Gene expressions of Acan, Sox9, Col2, and Coll in
hNPCs co-cultured with hADSCs or MFAT were measured on days 7 and 14, and normalized to 18 s and to the control group. (B) Protein
expression of aggrecan, SOX9, COL2, and COLI in hNPCs co-cultured with hADSCs or MFAT were measured on day 21. (C-D) hNPCs
co-cultured with hADSCs or MFAT by an indirect co-culture system were stained with alcian blue on day 21, and the area of blue staining
was quantified. Data represent mean + SEM; N=9; **p < 0.0l. Scale bar = 200 um.

of aggrecan, SOX9, and COL2 compared with those of all
the groups. The ADSC group had higher expression of SOX9
than that of the control group, and no significant difference
was observed between the ADSC and control groups regard-
ing the expression levels of other proteins (Fig. 2B). Sulfate
glycosaminoglycan (sGAG) synthesized by hNPCs was
stained with alcian blue on day 21. The MFAT group showed
deeper staining compared with that of the other two groups,
indicating that the hNPCs co-cultured with MFAT synthe-
sized more GAG than the other groups (Fig. 2C). We also
quantified the area of alcian blue staining, and the results
showed that the hNPCs co-cultured with MFAT had a higher
percentage of area compared with that of the other groups
(» <0.01, Fig. 2D).

Effects of Co-culture on the Inflammation of hNPCs

We measured the expression levels of proinflammatory
cytokine genes to show the effects of MFAT and
hADSCs on the inflammation of hNPCs. hNPCs cultured
without ADSCs or MFAT in acidic environments were
used as the control group. The mRNA expression of
TNF-a, IL-1B, and IL-6 was evaluated after 7 days of
co-culture. The expression levels of TNF-o, IL-1B, and
IL-6 in the ADSC group were almost 8.79, 6.49, and
14.46-fold higher, respectively, than those of the
control group (p < 0.01). No significant difference was
observed between the control and MFAT groups (p >
0.05, Fig. 3A-C).
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Figure 3. Effects of co-culture on the inflammation of hNPCs. Gene expressions of (A) TNF-q, (B) IL-1f, and (C) IL-6 in hNPCs co-cultured
with hADSCs or MFAT were measured on day 7 and normalized to 18 s and to the control group. Data represent mean + SEM; N=9;

#p < 0.01.

Effects of hNPCs on the Differentiation of hADSCs
and Cells in MFAT

The gene and protein expression levels of KRT19, PAXI,
GPC3, and GDF10 were measured by PCR and western
blotting. KRT19, PAX1, and GPC3 indicate NP-like dif-
ferentiation of stem cells, while GDF10 is a specific
marker of chondrogenic differentiation. After co-culture
with hNPCs, cells in MFAT showed an increase in the
gene expression of Krt19, Paxl, and Gpc3 at each time
point, especially on day 14 (p < 0.01). The gene and
protein expression levels of GPC3 also increased after
hADSCs were co-cultured with hNPCs on day 14 (p <
0.01). Both hADSCs and cells in MFAT showed an
increase in the gene expression levels of Gdfi0 on day
7 after co-culture with hNPCs (p < 0.01). However, no
significant difference was observed in the MFAT or
MFAT+NPC groups on day 14 (p > 0.05), while the
ADSC+NPC group had higher gene (p < 0.01) and pro-
tein expression of GDF10 than the ADSC group. The
ADSC+NPC group also had higher gene (p < 0.05) and
protein expression of GDF10 compared with those of the
MFAT+NPC group (Fig. 4).

Radiographic and MRI Assessment of Discs in a Pig
Disc Degeneration Model

As shown in Fig. 5A and B, the disc height of the degen-
eration and ADSCs groups was significantly lower than
that of the control group after week 0 (p < 0.01).
Although no significant difference was observed between
the control and MFAT groups in images after week 4 (p >
0.05), the quantitative analysis of disc height showed that
the DHI% in the MFAT group was lower than that of the
control group at each time point (p < 0.01). The MFAT
group (85.62 + 2.00% and 83.52 4+ 2.95%, respectively)
had a higher DHI% than the degeneration (79.36 +
1.15% and 74.86 + 4.00%, respectively) and ADSCs
(78.24 + 2.00% and 75.12 + 3.95%, respectively)
groups after weeks 8 and 16 (p < 0.01). The MRI results

revealed the water content and structure of the NP. Com-
pared with the MRI indexes of the degeneration (2162.92
+ 99.93, 1220.14 + 16.95, and 1271.15 + 125.71
mm>GY, respectively) and ADSCs (2393.12 + 246.24,
1251.70 + 72.81, and 1410.59 + 120.80 mm°GY,
respectively) groups, the MFAT group (3926.84 +
268.71, 3565.00 + 226.84, and 3928.20 + 81.94
mm>GY, respectively) had a higher MRI index on weeks
4, 8, and 16 (p < 0.01). The degeneration group had a
lower MRI index than the other groups after week 4 (p <
0.01), while the control group had a higher MRI index
than the other groups at each time point (p < 0.01, Fig.
5C and D).

Histological, Imnmunohistochemical and Biochemical
Analysis of the NP

H&E staining of the IVDs showed that the NP in the control
group was well organized with cells and ECM, while the
degenerated NP had a destroyed structure and disorganized
lamellar sheets of annulus fibrosus (AF). Injection of ADSCs
did not repair the structure of NP after 16 weeks. The NP in
the MFAT group had a regular distribution of ECM and
cells, and the borders of NP and AF were distinguishable.
S-O staining showed the deposition of proteoglycans in each
group. The proteoglycans in the degeneration and ADSCs
groups were significantly decreased compared with that of
the control group. The MFAT group showed stronger stain-
ing than the degeneration group. The distribution of collagen
II could be detected easily in the control and MFAT groups.
However, few areas were immunopositive for collagen II in
the degeneration and ADSCs groups (Fig. 6A). We also
quantified the SGAG and collagen content by Blyscan and
hydroxyproline assays. The MFAT group had higher sGAG
content than those of the degeneration and ADSCs groups (p
< 0.01), and no significant difference was observed in the
sGAG content between the control and MFAT groups (p >
0.05, Fig. 6B). The hydroxyproline content of the control
group was significantly higher than those of all the other
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Figure 4. Effects of hANPCs on the differentiation of hADSCs and cells in the MFAT. (A) Gene expressions of Krtl9, Pax|, Gpc3, and Gdf10
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GPC3, and GDFI0 in each group was measured on day 4. Data represent mean + SEM; N=9; *p < 0.05, **p < 0.01.

groups (p < 0.01). In addition, the MFAT group showed an
increase in hydroxyproline content compared with the degen-
eration and ADSCs groups (p < 0.01, Fig. 6C). The histologi-
cal, immunohistochemical, and biochemical analyses showed
that MFAT could regenerate the degenerated NP to some
extent, especially by increasing the ECM deposition.

Discussion

Stem cell transplantation has been widely used for the treat-
ment of IVD degeneration***'. However, isolation and in
vitro amplification of stem cells prolong the preparation time
and may alter the biology of the cells. Directly injecting
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adipose-derived SVF has healing potential in various degen-
erative conditions*>. However, the direct use of the SVF
showed negative effects in regenerating IVDs?. In this
study, we used a mechanical method to isolate MFAT, which
avoided the existence of collagenase in the injectable prod-
uct. We first evaluated the effects of co-culture on matrix
synthesis and inflammation of NPCs and the differentiation

of MFAT cells in vitro. We also investigated the regenera-
tive effects of direct injection of MFAT in a pig disc degen-
eration model.

MFAT consists of a heterogeneous population of cells,
ECM, and even fat. In this study, we regarded MFAT as an
integral whole, and so fat or other components of MFAT
contribute to the improvement in DHI%, MRI index, and
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biochemical analysis, demonstrating the advantages of
MFAT in regenerating the degenerative NP. The integral
MFAT is superior to separated cells and fat because the
ECM and fat in MFAT have the ability to fill space, and the
cells in MFAT decrease inflammation and improve the
matrix synthesis function of native NPCs. Our previous
study demonstrated that simple space-filling material is not
able to regenerate the degenerated NP and that simple cells
do not survive well in the microenvironment of degenerative

NP3, Therefore, we think the regenerative effects in the
degenerated NP depend on the integral MFAT. In addition,
MFAT is advantageous because it is a minimally invasive
injectable graft. ADSCs have been isolated from the adipose
tissue and have shown promise in regenerative medicine®.
However, recent studies have put adipose tissue on a par or
even above ADSCs****. The heterogeneous cellular compo-
sition of MFAT may lead to better therapy outcomes in

animal studies*®*’. In the present study, we found that
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during co-culture with MFAT, the matrix synthesis function
of NPCs was significantly improved, whereas there was no
change in the matrix synthesis function of NPCs when they
were co-cultured with ADSCs. We think this is because the
growth factors secreted by MFAT cells promote ECM synth-
esis in NPCs. MFAT cells secrete a variety of soluble growth
factors such as FGF-2, vascular endothelial growth factor
(VEGF), IGF-1 and platelet-derived growth factor
(PDGF)-BB*?. FGF-2 was reported to have the ability to
maintain the differentiation potential and promote the ECM
expression of NPCs*®. VEGF plays a role in NPC survival
and decreases apoptosis in NPCs*’. IGF-1 and PDGF-BB
stimulate the proliferation of NPCs by the activating the of
extracellular-signal regulated kinase (ERK) and Akt signal-
ing pathways>’.

We detected that ADSCs increased the expression of
TNF-a, IL-1B, and IL-6 in NPCs, which indicated that
ADSCs alone increased the expression of proinflammatory
molecules and promoted inflammation in NPCs. These
results conflicted with previous studies. Shim et al. found
that the proinflammatory cytokine genes TNF-o, IL-1a., IL-
1B, and IL-6 were significantly downregulated in NPCs after
co-culturing with MSCs*®. Cao et al. demonstrated that the
inflammatory signaling molecule nuclear factor kappa B
(NF-xB) was decreased after NPCs were co-cultured with
MSCs’!. In fact, the effects of MSCs on inflammation are
complicated. Specific environmental factors are likely to
affect the biological properties of ADSCs. A previous study
demonstrated that ADSCs may exacerbate inflammation and
induce apoptosis of HK-2 cells by increasing oxidative stress
in the presence of cyclosporine®. In addition, MSCs intra-
venously injected into the lung microenvironment may also
induce an inflammatory response by increasing TNF-o and
IL-1B*. The acidic environment induced the production of
proinflammatory cytokines, such as IL-1f and prostaglandin
E2 (PGE,), in ADSCs>*. PGE, has a negative impact on IVD
cell health and ECM homeostasis even after short-term
exposure’>®. The culture medium used in this study had a
pH of 6.8. Therefore, we hypothesize that the acidic envi-
ronment in degenerative IVD may affect the function of
ADSCs, and consequently, the proinflammatory cytokines
secreted by ADSCs induced inflammation of NPCs. A pre-
vious study found that adipose tissues have the ability to
reduce inflammatory factors such as TNF-o. and IL-6>". Our
study also demonstrated that MFAT did not cause inflam-
matory reactions even in an acidic environment.

The pig disc degeneration model was used in this study.
Major advantages attributed to the porcine model include the
similarity in size and shape of the discs to human IVDs”*°.
A needle puncture model has been demonstrated to be fea-
sible and widely used in previous studies*®’. The lumbar
disc levels were not randomized because we hold the view
that our results were independent of the implant locations.
Pigs walk on four limbs and the mechanical load is almost
evenly distributed on the lumbar discs. In addition, the ECM
and cells in each lumbar disc are nearly the same. Our results

also showed that the DHI% and MRI index among the
degeneration, MFAT, and ADSCs groups were similar and
significantly lower than those of the control group at week 0.
Sobajima et al. also considered that the degenerative prog-
ress of each lumbar disc is similar in a rabbit model®'. There-
fore, we think the results were not merely the effect of the
implant location. In the present study, MFAT showed posi-
tive effects in regenerating the degenerated porcine NP.
However, a severe inflammatory response was observed dur-
ing regeneration with the SVF in a goat model*®. We think
the way adipose tissue is treated may be responsible for these
differences. Collagenase was used to digest the SVF during
isolation in the previous study, while a mechanical method
was used to isolate MFAT in our study. MFAT isolated by
mechanical methods has a high percentage of ADSCs, while
the enzymatic treatment of cells affects the cell surface envi-
ronment and glycocalyx compositions, which may influence
cell adhesion and inflammatory responses®*®>. The cells in
the porcine NP may also be beneficial for the regenerative
effects of MFAT because our in vitro study demonstrated
that NPCs co-cultured with MFAT promoted the NP-like
differentiation of MFAT cells.

There are still some limitations to our study. First, in
addition to ADSCs, other cells in MFAT, such as dediffer-
entiated adipocytes, can also be differentiated into NP-like
cells®, and so we cannot identify which components in the
SVF play roles in IVD regeneration. Second, we used an
acidic environment to simulate the degenerative microenvir-
onment, and other factors such as hypoxia exist in the degen-
erative IVD. We hypothesize that the real environment of
degenerated IVDs may exacerbate inflammation and
decrease ECM synthesis by MFAT and ADSCs®. Further-
more, notochordal cells are present during adult life in the
porcine model, which may change the healing environment.
In addition, the molecular mechanisms by which MFAT pro-
motes ECM synthesis of NPCs in vitro require further study.

Conclusions

In this study, we isolated MFAT from subcutaneous adipose
tissue by using a nonenzymatic method. MFAT has the abil-
ity to improve the matrix synthesis function of NPCs in vitro.
MFAT does not cause inflammatory reactions in acidic
environments when it is co-cultured with NPCs. In addition,
NPCs also induce NP-like differentiation of MFAT cells. We
further studied the regenerative effects of MFAT in a pig
disc degeneration model. We demonstrated that MFAT can
partly regenerate the degenerated NP after 16 weeks. Addi-
tional studies should be pursued to further understand the
mechanisms of the NP regenerative effects of MFAT.
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