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Abstract

Purpose—Intervertebral disc degeneration is a major cause of back pain. Novel therapies for
prevention or reversal of disc degeneration are needed. It is desirable for potential therapies to
target both inflammation and matrix degeneration.

Materials and Methods—The combined regenerative potential of link protein N-terminal
peptide (LN) and fullerol on annulus fibrosus (AF) cells was evaluated in a 3D culture model.

Results—Interleukin-1la (IL-1a)-induced AF cell degeneration was counteracted by fullerol,
LN, and fullerol + LN, with the latter having the greatest effect on matrix production as evaluated
by real-time polymerase chain reaction and glycosaminoglycan assay. IL-1a-induced increases in
pro-inflammatory mediators (interleukin-6 and cyclooxygenase-2) and matrix metalloproteinases
(MMP-1, -2, -9, and -13) were also counteracted by fullerol and LN.

Conclusion—Our data demonstrate that LN and fullerol individually, and in combination,

promote matrix production and have anti-inflammatory and anti-catabolic effects on AF cells.
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Introduction

Low back pain is a major health problem in the United States and worldwide with
tremendous socioeconomic impact (1). An estimated 80% of the population will experience
back pain at some point during their lifetime (2). With an aging baby boomer population, it
is a problem that is expected to increase in prevalence.
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Symptomatic intervertebral disc (IVD) degeneration is a major cause of low back pain and
contributes to the pathophysiology of other important etiologies including spinal arthritis,
myelopathy, and radiculopathy (3,4). Current mainstays of treatment for low back pain are
divided into nonoperative (anti-inflammatory medication, physical therapy, and pain
management) and operative modalities (spinal fusion, discectomy, and decompression).
However, both forms of treatment leave room for improvement, in that neither actively
targets or reverses the underlying disease process: VD degeneration (5).

Novel biologic therapies utilizing bone morphogenetic proteins (BMP-2 and -7), growth and
differentiation factor 5, and platelet-rich plasma (PRP) to stimulate disc matrix production
are currently being investigated but have so far been limited by short half-life, high cost, and
safety concerns (6-10). Two other novel agents, fullerol and link protein N-terminal peptide
(LN), have been shown to be potentially beneficial in the treatment of I\VD degeneration.

Owing to its unique cage nanostructure, fullerol (a polyhydroxylated, water-soluble, and
biocompatible fullerene derivative) is several hundred times more powerful than
conventional antioxidants and demonstrates excellent cell membrane penetration (11,12). /n
vitroand in vivo studies have documented the efficacy of fullerol in preventing IVD
degeneration by scavenging reactive oxygen species (ROS), which are thought to play a
major role in disc degeneration (11,12).

Link protein is a glycoprotein that stabilizes the interaction between aggrecan and
hyaluronan, two major matrix structural components (13). LN is the resulting N-terminal 16-
amino peptide (DHLSDNYTLDHDRAIH) following in vivo proteolytic cleavage of link
protein at His16-11e17 residues (14). Studies have shown that LN stimulates the synthesis of
disc matrix by increasing disc cell production of aggrecan and collagen I1 through a complex
Smad/BMP signaling cascade (15,16). LN has also been shown to potentially restore disc
structure and function (17-20).

As both inflammation and disc cell degeneration play important roles in the progression of
IVD degeneration, it is desirable for potential therapies to address both anti-inflammation
and matrix regeneration. In the present study, we sought to investigate the combined
protective antioxidant/anti-inflammatory properties of fullerol with the regenerative
properties of LN in an /n vitro rabbit annulus fibrosus (AF) cell model. We found that
fullerol and LN together promoted disc matrix production and decreased inflammation by
modulating the anabolic and catabolic metabolism within disc cells. This study may provide
insight into a successful integrated strategy for treating disc degeneration and back pain.

Materials and methods

Isolation of AF cells from the IVD

Animal protocols were approved by the Institutional Animal Care and Use Committee at the
University of Virginia. Inner AF cells were isolated and pooled from three male New
Zealand White rabbits (8-10 weeks old, Charles River, MA) as reported previously (21).
After euthanasia, the inner AF from lumbar discs (L3-L5) was harvested under sterile
conditions. To avoid contamination, the inner AF layer next to the nucleus pulposus was
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discarded. The remaining AF were cut into small pieces and digested with 0.025%
collagenase (Serva, Heidelberg, Germany) for 2—4 h at 37 °C with gentle shaking. After
centrifugation, cells were cultured in complete Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F-12) medium containing 15% fetal bovine serum (FBS; Life
Technologies, Carlsbad, CA) and 1% penicillin/streptomycin at 37 °C in a humidified
atmosphere of 95% air and 5% CO,. Cells at passages 2-5 were used for later experiments.
Culture media were changed every 3 days.

Monolayer culture

3D culture

Cells were plated in a 6-well plate with 1 x 10° cells and treated under different conditions.
For the control condition, cells were treated with DMEM/F12. Cells were treated with or
without 10 ng/mL Interleukin-1a (IL-1a, R&D, Minneapolis, MN) plus fullerol (1 pM,
MER Corporation, Tucson, AZ) based on our prior study (12) or LN (10ng/mL, Anaspect,
Fremont, CA) for 7 days. LN at concentrations 10 and 100 ng/mL demonstrated similar
effects on collagen I mRNA expression, thus we utilized 10 ng/mL for later experiments.
Culture medium was changed every other day.

For 3D culture, AF cells were cultured in a pellet culture system as described previously
(21). Cells (2 x 10°) were centrifuged at 500 g for 5 min in a 15-mL tube and cultured
overnight. Cells were treated with DMEM/F12 containing 1% FBS and 37.5 mg/mL
ascorbic acid and 1 x insulin, transferrin, and selenous acid premix (Life Technologies) with
the same conditions as described in the monolayer culture. TGF-B3 (10 ng/mL, Peprotech,
Rocky Hill, NJ) was used as a positive control for zymography assay. Media were changed
every other day. Pellets were collected at days 7 and 14 for RNA isolation and
glycosaminoglycan (GAG) assay.

Gelatin and collagen zymography

Zymography was performed as previously described with media harvested on day 7 after 3D
culture (16). Briefly, gelatinolytic zymography was performed on 10% polyacrylamide
resolving gels containing 1 mg/mL gelatin to determine matrix metalloproteinases (MMPS),
MMP-2 and MMP-9, activities. To evaluate the activity of MMP-1 and MMP-13, equal
amounts of culture media were separated on a 10% gel with 10 mg/mL of collagen I. Gels
were scanned with a Chemidoc Imaging system (Bio-Rad, Hercules, CA) and analyzed with
ImageJ software (NIH, Bethesda, MD).

RNA isolation and real-time reverse transcription polymerase chain reaction

Total RNA was isolated with Trizol reagent (Life Technologies) and reverse transcribed to
complementary DNA (cDNA) by an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA)
according to the manufacturer’s instructions. Reverse transcription of 0.5 ug RNA was

performed with iScript Reverse Transcription Supermix (Bio-Rad) and the cDNA was

diluted for either 5-(target genes) or 50-fold (reference gene) with nuclease-free water. The
quantitative polymerase chain reaction (PCR) was performed using SYBR green and gene-
specific primer sets (Table 1) on an iQ 5 (Bio-Rad). The mRNA expression of target genes
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was normalized to 18s. Fold changes in gene expression were presented as 2—
(averageAACt). The ACt of each stimulated sample was related to the respective ACt of each
control sample.

Sulfated GAG assay

Cells were cultured for 7 days and digested with papain extraction buffer at 60 °C overnight
(22). Amino sugars were determined using a dimethylmethylene blue (Crescent Chemicals,
Islandia, NY) colorimetric assay with chondroitin sulfate C as a standard. DNA content was
analyzed using the Hoechst dye with a calf thymus DNA as a standard. The GAG content
was normalized to DNA content.

Statistical analyses

Results

Experimental data were presented as mean = standard error of the mean. Statistical
differences were calculated using one-way analysis of variance with Bonferroni post hoc
test. Data comparing two groups were analyzed with a Student’s #test (Prism 6, GraphPad,
La Jolla, CA). A pvalue less than 0.05 was considered statistically significant. All
experiments were repeated three separate times, and each time with three technical repeats.

IL-la-induced AF cell degeneration in a dose-dependent manner

To optimize IL-1a-induced AF cell degeneration, we first treated rabbit AF cells with
different concentrations of IL-1a in a monolayer culture. After 3 days in culture, collagen 11
MRNA decreased significantly at 1 ng/mL, and aggrecan mRNA decreased at 10 ng/mL
(Figure 1). Although 50 ng/mL of IL-1a resulted in the lowest collagen Il and aggrecan
MRNA expression, we observed floating cells in the culture media. Therefore, we decided to
use 10 ng/mL IL-1a for later experiments.

Fullerol and LN protect AF cells from IL-1la-induced matrix degradation

When rabbit AF cells were cultured in a cell culture plate for 7 days, either fullerol or LN
significantly induced both collagen 11 and aggrecan mRNA expression (Figure 2). The
addition of IL-1a significantly reduced both collagen Il and aggrecan mRNA expression but
fullerol and LN reversed this effect. In cells treated with IL-1a, fullerol, and LN, the
collagen 1l level increased about 15-fold as compared with control, and over 20-fold as
compared with IL-1a treatment (p < 0.05). Treatment with LN increased the aggrecan
mRNA level, and combination therapy with LN and fullerol demonstrated the greatest
increase as compared with IL-1a treatment.

Since cells may undergo phenotypic changes in a monolayer culture, we performed the same
experiment in a 3D pellet culture system for 7 and 14 days. Fullerol and LN significantly
increased both collagen 11 and aggrecan mRNA expression as compared with control in a 3D
culture at day 7 (Figure 3). Both collagen 11 and aggrecan expression were significantly
reduced when AF cells were treated with IL-1a, and this was rescued by fullerol and LN co-
treatment. Collagen 11 levels were similar to control and aggrecan expression was higher
than baseline levels when cells were treated with both fullerol and LN with IL-1a
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stimulation. Fullerol and LN individually rescued matrix production but this was not as
effective as the combination of both fullerol and LN. Similar results were observed when the
pellets were harvested on day 14 (Figure 4) but to a slightly lesser extent.

LN promote proteoglycan synthesis in AF cells

GAGs are linear polysaccharides and one of the most important extracellular matrix
components of the IVD (23,24). Cellular GAG content was significantly increased in AF
cells treated with LN but not in those treated with fullerol as compared with controls after 7
days in 3D cultures. GAG content was significantly decreased by IL-1a; however, this effect
was counteracted by fullerol, LN, and fullerol + LN. Fullerol + LN and LN alone induced
the highest levels of GAG production when stimulated with IL-1a., and this level is
significantly higher as compared with untreated cells (Figure 5).

LN inhibit IL-1a-induced upregulation of IL-6 and COX-2 in AF cells

In normal 3D culture conditions without the addition of IL-1a, the mRNA expression of
interleukin-6 (IL-6) was unchanged by either LN or fullerol, while COX-2 mRNA
expression was increased by fullerol. IL-1a induced a significant increase in IL-6 and
cyclooxygen-ase-2 (COX-2) mRNA expression, which was decreased by fullerol, LN, and
fullerol + LN (Figure 6). IL-6 mRNA demonstrated the greatest decrease in IL-1a-induced
expression with fullerol + LN. However, in the case of COX-2, fullerol alone, rather than
fullerol + LN, resulted in the greatest decrease in COX-2 mRNA expression.

LN inhibit IL-1a activation of MMPs

In 3D culture for 7 days, IL-1a was found to increase the expression of matrix degradation
enzymes MMP-1 and -13 while fullerol and LN each were found to have minimal effect on
their expression as compared with control (Figure 7A). In the presence of IL-1a-induced
inflammation, co-treatment with fullerol or LN each had a protective effect, decreasing
MMP-1 and -13 mRNA expression as compared with cells treated with IL-1a alone.
Further, co-treatment with fullerol and LN resulted in a significantly greater decrease in
MMP-1 and -13 mRNA expression, comparable to the baseline, as compared with either
agent individually. These results were confirmed with collagen zymography (Figure 7B).
Also, fullerol and LN decreased the activity of MMP-2 and -9 as detected by gelatin
zymogrphy. As expected, TGF-B3 decreased the activity of MMP-2 and -13.

Discussion

During 1VD degeneration, desiccation and acidification of the cellular environment lead to
cell death and dysfunction. Additionally, collagen fiber disruption in the AF and mirco-
trauma to the endplates allows for vessel and nerve ingrowth into the 1VD (5). Although the
exact pathogenesis of IVD degeneration is not well understood, it is thought to be an active
process that is initiated by noxious stimuli (repetitive mechanical stress, osmotic pressure,
and reduced glucose) and propagated by oxidative stress and cytokines resulting in a
mismatch between anabolic and catabolic metabolisms (5,12,25). Thus, anti-inflammatory
and antioxidative biological therapies to regenerate the cellular matrix have attracted a great
deal of attention. Although prior studies suggested that fullerol or LN can combat disc
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degeneration via anti-inflammatory/antioxidative effects and matrix regeneration,
respectively, their individual effects seemed insufficient to alter the clinical course of
disease. The combination of LN and fullerol may impact both inflammation and matrix
degeneration simultaneously to counteract the two core pathological changes involved in
IVD degeneration.

By stimulating disc anabolism, biologic therapies seek to push the balance in favor of disc
regeneration. Experimental biologic therapies utilizing BMP-2 and -7, growth and
differentiation factor 5, and PRP to stimulate disc matrix production are currently being
investigated but have so far been limited by high cost and safety concerns (6-10). Prior
studies have shown that LN and fullerol are individually effective at combating the processes
that contribute to IVD degeneration by increasing cell matrix production and decreasing
ROS and cytokine-induced inflammation (11-15). LN has been shown to upregulate the
expression of aggrecan and collagen 1l and inhibit the expression of catabolic regulators
IL-1B and MMP-1 (16). The mechanism of action of LN is not yet fully understood but
involves LN binding BMP-RII on chondrocytes and initiating a complex Smad/BMP
signaling cascade that promotes production of the IVD matrix (15,20). Fullerol prevents the
catabolic effect of inflammation by scavenging ROS, effectively interrupting the positive
feedback loop between ROS and Tumor necrosis factor-a (TNF-a)-induced inflammation in
IVD cells (11,12). In the present study, we confirmed that fullerol and LN markedly increase
the MRNA expression of collagen Il and aggrecan in 3D cultures as compared with control.
In an inflammatory 10 ng/mL IL-1a condition, fullerol and LN together increased the
expression of collagen Il and aggrecan mRNA significantly (Figure 3). Both fullerol and LN
individually promote AF matrix regeneration with greater increases in aggrecan expression
as compared with increases in collagen Il expression, as confirmed using GAG assay (Figure
5). In disc degeneration, biochemical alteration of the extracellular matrix occurs early, with
aggrecan being particularly susceptible to proteolytic damage and loss (26,27). The
protective effects of fullerol on aggrecan expression might be involved in its ROS
scavenging activity. Although fullerol and LN promoted cellular matrix production in a
monolayer culture, the increase in collagen Il was even more pronounced than in 3D culture.
This suggests that cell phenotype might be influenced by monolayer culture.

Oxidative stress due to an imbalance between free radical burden and cellular scavenging
mechanisms is implicated in the degenerative diseases of skeletal tissue by triggering
cellular senescence and apoptosis, and promoting inflammation, fibrosis, and pain
nociception (28). During VD degeneration, elevated pro-inflammatory cytokines result in
increased intracellular ROS levels through mitogen-activated protein kinase (MAPK) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) signaling, creating a
positive feedback loop for inflammation (29). In disc tissue, oxidative stress due to nitric
oxide has been shown to contribute to matrix destruction, promote apoptosis, and suppress
proteoglycan synthesis (30). Here we showed that the mRNA level of IL-6 and COX-2 was
significantly induced by IL-1a in rabbit AF cells, which was suppressed by fullerol alone or
fullerol combined with LN treatment. Surprisingly, LN alone also decreased the expression
of IL-6 and COX-2 by IL-1a (Figure 6). This could be due to the enhanced anabolic
metabolism of AF cells induced by LN that provides resistance to inflammatory stimuli,
although elucidating a detailed mechanism requires further investigation.
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A cohort of pro-inflammatory cytokines including IL-1, IL-6, and TNF-a is upregulated in
the degenerated I\VD. IVD cells produce IL-1 and TNF-a, which induce cartilage catabolism
at molecular and morphological levels by increasing production of degradative enzyme
MMPs, nitric oxide, and inflammatory mediators such as prostaglandin E2 while decreasing
proteoglycan content (5,25,31). Further, cells from the acidic degenerated I'VD environment
have been found to express more MMP-13 and aggrecanase in response to IL-1 than those
from nondegenerate IVDs (25). Herein, we show that IL-1a increased the expression and
activity of MMP-1 and MMP-13 significantly, which was counteracted by the combination
of fullerol and LN treatment (Figure 7). Similarly, fullerol and LN combined inhibit the
activity of MMP-2 and -9 induced by IL-1a. This suggests that both LN and fullerol
decrease catabolic metabolism, which may contribute to matrix regeneration.

There are several limitations to the current study. First, this was an /n vitro study performed
using rabbit AF cells, which may not perfectly represent the in vivo condition. We used a
pellet culture system that most closely recreates the /n vivo 3D environment. We pooled AF
cells from three rabbits for the experiments, which may compromise the biological
significance. Second, we used IL-1a in our experiments to stimulate I\VVD degenerative
changes in AF cells. However, IVD degeneration is a complex process, involving
mechanical stress, oxidation, and a combination of inflammatory cytokines, of which IL-1a
plays a crucial, albeit incomplete role. Other studies have used an acute annulus-puncture
model to create disc degeneration in rabbits but this method is also limited since multiple
factors, rather than a single injury, are involved in the induction of disc degeneration in
humans (32,33). Future studies investigating the combined effects of LN and fullerol on the
whole 1VD using an /n vivo model are needed. Further, in order for LN and fullerol to be of
therapeutic potential, the question of drug delivery must be addressed. In this /in vitro model,
we incorporated LN and fullerol directly into the cell media but in order to be of therapeutic
value, we must find a way to safely deliver LN and fullerol into the degenerated 1VD
without causing further damage to the disc.

Conclusion

IVD is a major cause of chronic back pain and disability that results in considerable social
and medical costs. The development of VD degeneration is a complex process known to be
associated with proteolytic degradation, oxidative stress, and inflammation. So far there is
no disease-modifying remedy for disc degeneration. In the present study, we seek to identify
a better biological treatment strategy with a combination of antioxidative and matrix-
producing agents, fullerol and LN, on rabbit AF cell regeneration. Our results demonstrate
that fullerol and LN reverse IL-1a-induced disc degeneration by modulating anabolic and
catabolic metabolism toward regeneration and through anti-inflammatory pathways (Figure
8). These results suggest that fullerol and LN combined may demonstrate a beneficial effect
on disc regeneration and shed light on their potential clinical application as therapeutic
agents for the treatment of 1\VVD degeneration.
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Figure 1.

IL-1a-induced AF cell degeneration in a dose-dependent manner. Rabbit AF cells were
cultured in a monolayer for 3 days. Cells were treated with or without IL-1a to induce AF
cell degeneration. Cells were harvested for RNA isolation and the gene expression of
collagen 11 and aggrecan was measured with real-time reverse transcription PCR. The target
gene was normalized to 18s. *p < 0.05 versus control.
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Link N and fullerol increased both collagen 11 and aggrecan expression in monolayer
culture. Rabbit AF cells were cultured in a monolayer for 7 days. Cells were treated with or
without IL-1a with addition of LN, fullerol, or LN + fullerol for 7 days in monolayer
culture. The gene expression of collagen Il and aggrecan was measured with real-time
reverse transcription PCR. *p < 0.05 versus control; #p < 0.05 versus IL-1a-treated group.
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Figure 3.

Link N and fullerol increased both collagen 11 and aggrecan expression in a 3D culture
model. Cells were treated with or without IL-1a with addition of LN, fullerol, or LN +
fullerol for 7 days. The cell pellets were harvested for RNA isolation and the gene
expression of collagen Il and aggrecan was measured with real-time reverse transcription
PCR. *p < 0.05 versus control; #p < 0.05 versus IL-1a-treated group.
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Figure 4.

Link N and fullerol increased collagen Il and aggrecan expression in 3D culture for 14 days.
Cells were treated with or without IL-1a with addition of LN, fullerol, or LN + fullerol. The
cell pellets were harvested for RNA isolation and the gene expression of collagen 11 and
aggrecan was measured with real-time reverse transcriptionPCR. *p < 0.05 versus control;
#p < 0.05 versus IL-1a-treated group.

Connect Tissue Res. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yeh etal.

Page 14

GAG GAG
B2 TH2000
21500 21500 #
§1ooo gﬂm
Q a
(U] (0]
-3 500 < 500 *
o F ) o
T &S S
# @éo N $ x .3\“& N @@‘&
'\‘ \\' e!
£ W2
W
Figureb.

Biochemistry assay shows Link N and fullerol combined increased GAG expression. Rabbit
AF cells were cultured in pellet culture for 7 days. Cells were treated with or without IL-1a
with addition of LN, fullerol, or LN + fullerol. *p < 0.05 versus control; #p < 0.05 versus
IL-1la-treated group.
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Figure®6.

Link N and fullerol decreased mRNA expression levels of IL-6 and COX-2. Cells were
treated with or without IL-1a with addition of LN, fullerol, or LN + fullerol in a pellet
culture for 7 days. The cell pellets were harvested for RNA isolation and the gene expression
of IL-6 and COX-2 was measured with real-time reverse transcriptionPCR. *p < 0.05 versus
control; #p < 0.05 versus IL-1a-treated group.
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Figure7.
Link N and fullerol increased anabolic metabolites through decreasing MMP expression and

activity. A, the gene expression of MMP-1 and -3 were measured with real-time reverse
transcriptionPCR. B, zymographic images. The culture media were subjected to gelatin and
collagen zymography. Bar graphs show intensity of gel bands. *p < 0.05 versus control; #p <
0.05 versus IL-1a-treated group. TGF-B3 was used as a positive control.
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Figure8.

Possible mechanisms under which fullerol and LN act on rabbit AF cells.
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Table 1

Primer sequence for real-time PCR.

Name Length Tm  Sequences GenelD

mmp13 forward 175 57.6 5'-CCTTCTGGTCTTCTGGCTCAC-3’ NM_001082037.1
mmp13 reverse 5-AGTGCTCCTGGGTCCTTGG-3’

mmp1 forward 199 55.2 5'-TGGAGTGCCTGATGTG-3’ NM_001171139.1
mmp1 reverse 5 -CTTGACCCTTGGAGACTTTGG-3’

collagen-II forward 60 55  5'-ACAGCAGGTTCACCTATAC -3’ XM_002723439.3
collagen-11 reverse 5'-CCCACTTACCGGTGTT -3’

aggrecan forward 176 60 5 -AGGATGGCTTCCACCAGTGC -3’ XM_008251723.2
aggrecan reverse 5 -TGCGTAAAAGACCTCACCCTCC-3’

interleukin-6 forward 148 53.1 5’-CGGCGGTGAATAATGAGAC -3’ NM_001082064.2
interleukin-6 reverse 5 -ATCAGGTGTTGGATGTTCTTC -3’

cox-2 forward 106 55 5'-AACTCCCAATCCGCATGCTA -3’ NP_007552.1
COX-2 reverse 5 -GCTTGATTTAAGCGTCCGGG -3’

18s forward 167 55  5’-ATCAGATACCGTCGTAGTTC -3’ NR_033238.1

18s reverse

5”-TTCCGTCAATTCCTTTAAG-3”
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