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Introduction
Low back pain is a common problem that affects a large proportion of the population at
some point, thus carrying an enormous socio-economic burden. Although there are many
causes of back pain, symptomatic intervertebral disc (IVD) degeneration also contributes to
spinal arthritis, myelopathy, and radioculopathy, and, is strongly implicated as a cause of
low back pain [1, 2]. Chronic disc degeneration often requires surgery that alleviates the
symptoms without treating the underlying problem, and may lead to biomechanical harm
and accelerated degeneration of the adjacent segments [3]. Biological treatment strategies
may circumvent these problems. Supplementation with therapeutic proteins, such as growth
factors, has been extensively investigated as a stimulus for cell proliferation and
extracellular matrix production in the IVD [4–6]. Most therapeutic agents either in clinical
trials or laboratory researches have targeted the IVD for treatment, however, few scientists
have directed their attention towards the adjacent vertebral body.

Due to their proximity to one another, the IVD has a very close relationship with vertebral
bone marrow and they are separated by an endplate, a thin layer which has an osseous as
well as a cartilage component [7]. The inflammatory alteration of bone marrow in the
vertebral body is associated with disc degeneration. Three types of vertebral bone marrow
lesions noted on MRI were first described by Modic et al. in 1988 [8]. Type II changes
showed increased signal intensity on T1-weighted images and an iso- or slightly
hyperintense signal on T2, which correlated with fatty marrow replacement and
inflammatory edema. On the other hand, mature discs almost totally rely on diffusion of
essential solutes through the marrow contact channels in the vertebral endplate for nutrition
and metabolic exchange [7, 9]. Thus, reduced nutrient is another factor that is implicated in
the initiation and progression of the degenerative cascade in the disc [10]. The focal fatty
marrow conversion from normal red hemopoietic bone marrow [11] might obstruct the
nutrient transport from bone marrow to endplate. Moreover, the growth of fat cells and
inflammatory edema in the rigid intraosseous compartment can increase pressure and
compress vessels, further decreasing blood flow [12, 13]. Therefore, we hypothesize that
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inhibition of inflammatory mediators and adipogenesis of vertebral bone marrow stromal
cells (vBMSCs) may retard the progression of disc degeneration.

While production of reactive oxygen species (ROS) is a consequence of basal cellular
respiration, increased ROS production is associated with several pathological conditions
including cellular inflammatory responses [14, 15]. Moreover, the regulation of ROS may
also contribute to the ultimate fate of cells. It has been reported that increased ROS
production is associated with the differentiation of pre-adipocytes to adipocytes, as well as
fat tissue accumulation [16]. Thus, effective relief of cellular oxidative stress under
inflammatory environment would block ROS-induced adipogenesis [17].

Recently, the anti-oxidative features of fullerene (C60), and its derivatives, have drawn a
great deal of attention. Fullerene is composed of 60 carbon atoms with a unique case
structure. It has unusual redox chemistry and may be reversibly reduced by up to six
electrons, while up to 34 methyl radicals could be added onto a single C60 molecule [18].
Thus, fullerene has been characterized as a “free radical sponge”, with an anti-oxidative
efficacy of several hundred-fold higher than conventional antioxidants [19]. Fullerene and
its derivatives were found to be in many biological applications: inhibition of nitric oxide
formation by suppressing nitric oxide synthase [20], prevention of ischemia-induced injuries
in brain [21], inactivation of viruses [22] and prevention of quartz-induced neutrophilic
inflammation in the lungs [23]. Furthermore, a Japanese group showed that a water-soluble
fullerene prevented the development of cartilage degeneration and arthritis with no
detectable toxicity when intraarticularly injected into rabbits of an osteoarthritis model [24].

In this study, we investigated the anti-inflammatory effects of fullerol, a water-soluble,
biocompatible fullerene derivative with excellent efficiency in eliminating free radicals [25]
to determine the effects on vBMSCs. This study is designed in an attempt to answer two
questions. 1) Does fullerol protect vBMSCs from interleukin-1 β (IL-1 β)-induced
inflammatory responses by inhibiting matrix metalloproteinases (MMPs) and TNF-α
production? 2) Will fullerol inhibit the adipogenic differentiation of vBMSCs? We
hypothesize that fullerol has beneficial effects on the two major lesions in vertebral bone
marrow: inflammatory alteration and fatty replacement.

Materials and Methods
Isolation of vBMSCs from vertebral bodies of Swiss Webster mice

Animal protocols were approved by the Institutional Animal Care & Use Committee at
University of Virginia. The vBMSCs were isolated from vertebrae of five male Swiss
Webster mice of one month old (Harlan Laboratories, Wilmington, MA). Mice were
sacrificed by CO2 asphyxiation which was followed by cervical dislocation. The entire spine
was dissected out free of muscle and connective tissue. Bone marrow was scooped out with
a 18G needle and extruded from vertebrae with low glucose Dulbecco’s modified Eagle’s
medium (LG-DMEM, Invitrogen, USA) supplemented with 100 μg/mL streptomycin and
100 U/mL penicillin. After centrifugation at 600 g for 10 min, the pellet was resuspended in
growth medium (GM, LG-DMEM supplemented with 10% fetal bovine serum, (FBS,
Invitrogen, USA), 100 μg/mL streptomycin, 100 U/mL penicillin) and plated at 1×104 cells/
cm2 in 25-cm2 culture flasks (Falcon, USA). Cells at passage 1 were used in the following
studies.

Cytotoxicity of fullerol on vBMSCs
Classically, cytotoxicity is determined by assessment of plasma membrane damage. As
lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme present in all cells and rapidly
released into culture medium upon damage of the plasma membrane, we quantified the
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potential short-term (within 24h) cytotoxicity of fullerol at different concentrations using an
LDH-Cytotoxicity Assay Kit (Biovision, USA). To reduce background absorbance
generated by phenol red in medium and to minimize possible LDH in FBS, phenol red free
DMEM (Invitrogen, USA) supplemented with 1% FBS was used as the assay medium. The
salt form of fullerol was purchased from Materials and Electrochemical Research
Corporation (Tucson, AZ, USA). The vBMSCs were seeded at a density of 2×104 cells/cm2

in 24-well culture plates and supplemented with 0 (low control), 0.1, 1, and 10 μM fullerol,
or 0.5% Triton X-100 (high control). After 6, 12, 18 and 24h of culture, media were
harvested for LDH measurement. Absorbance was measured spectrophotometrically at 495
nm and reference wavelength was set at 650 nm. Wells without cells were assayed as the
blank controls that were then subtracted from the corresponding samples.

WST-1 assay was performed to evaluate the cytotoxicity of fullerol at longer time (within
7d) by measuring the overall activity of mitochondrial dehydrogenases in viable vBMSCs
using Roche WST-1 Kit (Roche Applied Science, Germany). WST-1 assay has been proved
to be more sensitive and stable than the traditional MTT, XTT, or MTS assay to detect
cellular proliferation or cytotoxicity. The vBMSCs were seeded at a density of 2×104 cells/
cm2 in 96-well culture plates and cultured with GM supplemented with 0, 0.1, 1, and 10 μM
fullerol. After 0, 1, 3, 5 and 7d of culture, the WST-1 reagent was added to the culture media
and incubated for another 3h at 37°C and 5% CO2. Absorbance of the supernatant was
measured spectrophotometrically at 440 nm and reference wavelength was set at 650 nm.
Wells without cells were assayed as the blank controls that were then subtracted from the
corresponding samples.

Intracellular reactive oxygen species (ROS) detection by fluorescence and flow cytometry
analysis

The vBMSCs were cultured in 6-well plates with growth medium (GM), GM+1 μM fullerol,
GM+10 ng/mL IL-1 β (Abcam, USA), or GM+1 μM fullerol+10 ng/mL IL-1 β. At day 3, the
cells were cultured with LG-DMEM containing 10 μM H2DCFDA (Invitrogen, USA) in the
dark for 30 minutes. Cells were then washed twice with PBS and the green fluorescence was
observed under an Olympus fluorescence microscope.

As for flow cytometry analysis, cells were trypsinized and collected by centrifugation. Cells
were then incubated with LG-DMEM containing 10 μM H2DCFDA at 37°C in the dark for
30 min, washed twice with PBS and mean fluorescence intensity (MFI) was measured by
flow cytometry. Cells without H2DCFDA incubation were used as blank control.

MMP-3 and MMP-13 immunofluorescence staining
The vBMSCs were cultured on coverslips in 6-well plates with GM, GM+1μM fullerol, GM
+10 ng/mL IL-1 β, or GM+1 μM fullerol+10 ng/mL IL-1 β. At day 3, cells were fixed with
ice-cold 4% paraformaldehyde for 15 min followed by incubation with PBS containing
0.25% Triton X-100 for 10 min. After blocking with 1% BSA in PBST for 30 min, goat
anti-mouse MMP-3 (Abcam, USA) or MMP-13 (Santa Cruz Biotechnology, USA) primary
antibodies were applied (1:1000 dilution) at 4°C overnight followed by incubation with
fluoresce in isothiocyanate (FITC)-conjugated donkey anti-goat IgG (Santa Cruz
Biotechnology, USA). Nuclei were counter-stained with 50 μg/ml propidium iodide.
Immunofluorescence images were taken under an Olympus fluorescence microscope.

Adipogenic differentiation of vBMSCs and fullerol treatment
The vBMSCs were cultured with adipogenic medium (AM) containing GM supplemented
with 0.5 mM isobutyl-methylxanthine (IBMX, Sigma, USA), 1 μM dexamethasone (Sigma,
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USA), 10 μg/mL insulin (Sigma, USA), and 100 μM indomethacin (Sigma, USA). Under
GM or AM culture, vBMSCs were treated with or without 1 μM fullerol.

Oil Red O staining and quantification
After 2 weeks of culture, cellular adipogenic differentiation was assessed by Oil Red O
staining to detect the presence of intracellular lipid-filled droplets. Briefly, monolayer cells
were fixed in 4% formaldehyde, washed in water and stained with a 0.5% (w/v) Oil Red O
(Sigma, USA) solution (60% isopropanol, 40% water) for 15 min at room temperature,
rinsed twice with deionized water and adipogenic differentiation was evaluated
microscopically.

For quantification of intracellular lipid droplet-stained Oil Red O, cells were washed
intensively with deionized water to remove unbound dye, and then isopropanol was added to
the stained culture dish. After 10 min of incubation with agitation on an orbital shaker (60
rpm), absorbance of the extract was assayed by a spectrophotometer at 510 nm.

ROS detection by NBT assay during adipogenic differentiation
The vBMSCs were cultured with GM, GM+1 μM fullerol, AM, or AM+1 μM fullerol for 2
weeks. In each group, ROS production was evaluated by nitroblue tetrazolium (NBT,
Sigma, USA) assay [16]. Culture media were aspirated and cells were incubated in PBS
containing 0.2% NBT at 37°C in the dark for 60 min. NBT was reduced by ROS to a dark-
blue, insoluble form of NBT called formazan which could be visualized. For quantification,
formazan was dissolved in 50% acetic acid solution by sonication, and absorbance was
determined at 560 nm.

RNA extraction and reverse transcription (RT)
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN, Valencia, CA) according to
the specification. The concentration of RNA was determined from the optical absorbance at
260 nm of the extract. Complementary DNA (cDNA) was synthesized using the iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions.

Quantitative real-time PCR
Real-time PCR was performed with iQ™ 5 multicolor real-time PCR Detection System
(Bio-Rad, USA) as previously described [26]. The following genes were evaluated: MMP-1,
3, 13, TNF-α, peroxisome proliferators-activated receptor gamma (PPARγ), and fatty acid-
binding protein (aP2). 18S rRNA was used as an internal control to normalize the signal
from genes of interest. Sequences of primers, individual annealing temperature and
amplicon lengths are shown in Table 1.

Statistical analysis
All experiments were performed in triplicate and data were presented as mean ± standard
deviation (SD). Statistical analyses for quantitative assays were performed by One-Way
ANOVA assuming equal variance (Student-Newman-Keul (S-N-K) test) using SPSS 11.0
software. A p-value of less than 0.05 was considered statistically significant.

Results
Cytotoxicity of fullerol on vBMSCs

To detect the acute cytotoxicity of fullerol, we measured the LDH leakage into culture
media. As shown in Fig. 1A, at 18h, the 10 μM fullerol group showed significant
cytotoxicity compared with culture medium only (0 μM fullerol), and by 24h, cytotoxicity in
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this group was significantly higher than that in the 1 μM fullerol group. However, fullerol at
dose of 0.1 or 1 μM exhibited no statistical difference compared with culture medium only
during the observed time period. For the long-time cytotoxicity detection, we performed
WST-1 assay. As shown in Fig. 1B, during the 7d-culture period, only 10 μM fullerol group
showed significant cytotoxicity compared with GM only (0 μM fullerol) beginning after 1d.
There was no statistical difference among the other groups at each time point. Thus, fullerol
at a concentration of 1 μM was used in the following studies.

Fullerol suppressed intracellular ROS
To evaluate the anti-oxidative effects of fullerol, we performed both fluorescence staining
and flow cytometry analysis to measure intracellular ROS. As shown in Fig. 2, the positively
stained cells (colored green) increased in the IL-1 β-treated group compared with the non-
treated group, but decreased in the corresponding fullerol group. Quantification with flow
cytometry confirmed this observation. Fullerol significantly suppressed both basal and IL-1
β-induced intracellular ROS, with 23% and 18% reduction, respectively.

Anti-inflammatory effects of fullerol on vBMSCs
First, we performed immunofluorescence staining to measure cellular expression of two
typical members of the MMP family, MMP-3 (stromelysin 1) and MMP-13 (collagenase 3).
As shown in Fig. 3A, after 3 days of culture, basal expression of MMP-3 and MMP-13 were
low in cells with or without fullerol treatment, while fullerol significantly inhibited the
expression of MMP-3 and MMP-13 induced by pro-inflammatory cytokine IL-1 β. We
further confirmed this observation at the molecular level. As shown in Fig. 3B, the mRNA
levels of MMP-1, 3, 13 were markedly increased by IL-1 β stimulation, while fullerol
suppressed this elevation by 26–36% (p<0.05). Additionally, fullerol also inhibited the
expression of pro-inflammatory cytokine TNF-α by 33% (p<0.05) in IL-1 β-treated groups.

Fullerol inhibited vBMSC adipogenesis through elimination of ROS
To investigate whether fullerol could retard adipogenic differentiation of vBMSCs, we
evaluated both intracellular lipid-filled droplet formation and adipogenic gene expression.
As demonstrated in Fig. 4A, after 2 weeks of culture, there was little lipid droplet formation
in both GM and GM+fullerol groups as detected by Oil Red O staining. Under adipogenic
induction, intensive lipid droplets were formed in cells, and fullerol attenuated cellular
adipogenesis dramatically by 28% as shown by the relative quantification data for Oil Red O
content. Real-time PCR results (Fig. 4B) showed that fullerol significantly decreased the
expression of adipogenic genes PPARγ (early-mid marker) and aP2 (mid-late marker), by
19% and 69%, respectively, in the AM-treated groups.

Moreover, to further elucidate whether fullerol suppressed vBMSC adipogenesis through
ROS scavenging, we measured ROS content in parallel with the NBT assay (Fig. 5). The
most intensive signal was detected in the adipogenic induction group, and was weakened
dramatically by fullerol. In control groups with or without fullerol treatment, the cells
showed little ROS expression. The relative quantification result was consistent with the
observations with staining.

Discussion
IVD degeneration is one of the risk factors for chronic low back pain. As the vertebra is a
nutrient resource, vertebral bone marrow abnormalities were observed in IVD degeneration
disease. The cause and effect relationship between vertebral damage and disc degeneration
is still a mystery.
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Magnetic resonance signal intensity changes were observed in vertebral bone marrow
adjacent to the endplates in 50% of IVD degeneration cases [11]. Data from multiple
independent studies [27–29] suggested that Modic Type I and II adjacent to the endplate are
among the most specific of all MRI observations for predicting concordant pain with
discography. All these studies suggested that adjacent bone marrow abnormalities may
cause discogenic back pain. One important question is whether the discogenic back pain
could be attenuated by treating the adjacent bone marrow lesion. In this study, we
demonstrated that fullerol, a potent antioxidant agent, suppressed IL-1 β-induced
inflammatory changes of vBMSCs and inhibited the adipogenic differentiation of vBMSCs.
Thus, fullerol may be considered for further investigation as a therapeutic agent to reverse
inflammatory and fatty degenerative lesions in vertebral bone marrow and possibly to
further retard IVD degenerative changes.

Since its first detection and bulk production, fullerene and its derivatives have gained a
prime role on the scientific scene [20–24, 30]. Herein, we demonstrated that fullerol, a
polyhydroxylated fullerene derivative, inhibited IL-1 β-induced production of inflammatory
mediators such as MMPs and TNF-α (Fig. 3). In vBMSCs, the elevation of MMP-1, 3, 13
and TNF-α mRNA levels initiated by pro-inflammatory cytokine IL-1 β was significantly
suppressed by administration of 1 μM fullerol. Immunofluorescence staining also confirmed
the expression change of MMP-3 and 13. As IL-1 β plays a crucial role in the induction of
degradative metabolic events, IL-1 β stimulation is commonly used as a tool to mimic
inflammation [31]. MMPs are a family of zinc-dependent endopeptidases degrading all the
main protein components of the extracellular matrix and thus play an essential role in tissue
remodeling and repair associated with development and inflammation [32, 33]. The activity
of MMPs is regulated by pro-inflammatory cytokines such as interleukins and TNF-α, and
MMP inhibitors TIMPs [34], and this control is fundamental in controlling the inflammatory
state. Park et al. [35] suggested that oxidative stress may trigger cellular inflammation
signals, such as TNF-α pathway. TNF-α is one of the major mediators of inflammation;
through a wide range of pathogenic stimuli, TNF-α induces other inflammatory mediators
and proteases that orchestrate inflammatory responses [36]. We demonstrated that fullerol
significantly decreased IL-1 β-induced ROS level in vBMSCs as measured by ROS staining
and flow cytometry assays (Fig. 2), which may account for the decreased expression of
MMPs and TNF-α. This is consistent with a previous study which showed that oxidative
stress activated several pro-inflammatory and pro-apoptotic pathways [37].

The BMSCs have both osteogenic and adipogenic differentiation potentials in vitro [38, 39]
and in vivo [40, 41]. It is well accepted that there exists a reciprocal balance between
osteogenesis and adipogenesis of BMSCs [42], and disturbance of such balance would be
associated with physiologic disorders, characterized by an increase of adipocytes in bone
marrow. The focal fatty degeneration in bone marrow adjacent to the endplate of discs
would block the transport of nutrients and metabolic exchange, essential for discs, and thus
contribute to disc degeneration. Therefore, we hypothesized that fullerol could inhibit
adipogenesis of vBMSCs and thereby prevent fatty deposition in vertebral bone marrow.
Indeed, we found that fullerol dramatically retarded the adipogenic differentiation of
vBMSCs. With 1 μM fullerol treatment, the lipid droplets decreased by 28% in vBMSCs fed
with adipogenic medium as revealed by Oil Red O staining assay (Fig. 4A). In addition, the
expression of adipogenic specific genes PPARγ and aP2 were both downregulated. PPARγ
is regarded as a master regulator of adipogenic differentiation and is involved in the
transcriptional control of many different genes involved in adipogenesis [43], the
transcriptional cascades of which lead to the expression of the proteins and enzymes that are
essential for lipogenesis. Fatty acid–binding protein aP2 regulates systemic glucose and lipid
metabolism [44], and is associated with lipid accumulation within mature adipocytes [45].
Interestingly, we found that fullerol suppressed aP2 expression (by 69%) much more than it
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did on PPARγ expression (by 19%) at 2 weeks. One explanation is that PPARγ is an early-
to-mid marker for adipogenic differentiation, and aP2 is a mid-to-late marker for adipogenic
differentiation. After 2 weeks of adipogenic induction, the expression of PPARγ may have
already dropped down from its peak level. Nevertheless, fullerol prohibited cellular
adipogenic differentiation by inhibiting both early-to-mid and mid-to-late adipogenic marker
gene expression. What is the reason for the effect of fullerol in suppressing cellular
adipogenesis? It was revealed that elevation of ROS production is associated with the
differentiation of pre-adipocytes to adipocytes [16]. Using the NBT assay to evaluate the
level of ROS, we found that the adipogenic induction group had the highest signal, while it
was dramatically weakened with the administration of fullerol. Therefore, we considered
that the suppression of adipogenesis by fullerol may be attributed to the reduction of ROS.

Although fullerol is not genotoxic [46], it was reported that a maximal dose (100 μg/ml,
approximate 88.7 μM) of fullerol induced cytotoxic injury on human endothelial cells [47]
and was cytotoxic to human lens epithelial cells at concentrations higher than 20 μM [48].
These suggest that the cytotoxicity of fullerol is cell type dependant. Two processes may
account for the observed phenomena. First, during the process of cellular uptake, fullerol
may cause damage to the cell membrane and organelles. Second, although fullerol is a “free
radical sponge”, the photoexcitation of fullerene derivatives efficiently produces an excited
triplet state and, through energy and electron transfer to molecular oxygen, produce both
singlet molecular oxygen and superoxide which may injure cells [48]. The balance between
ROS scavenging and production mediates its cytoprotection or photo-cytotoxicity on cells.
We performed both LDH leakage assay and WST-1 assay to investigate short-term and
relatively long-term cytotoxicity of fullerol. We found significantly higher cytotoxicity of 10
μM fullerol after 24h of culture, and there was no significant difference among the ≤1 μM
(0.1 and 1 μM) and low control (0 fullerol) groups (Fig. 1) during the 7d-culture period.
Therefore, we used 1 μM fullerol in our study. However, in the following in vivo study,
local injection of fullerol into vertebral body in a mouse disc degeneration model, we will
rigorously test the dose window of fullerol to maximize its anti-oxidative and anti-
inflammatory effects, as well as minimize the side effects.

In conclusion, we believe that this is the first observation that fullerol, a potent antioxidant
agent, suppresses IL-1 β-induced ROS and inflammatory cytokine production, inhibits the
adipogenic differentiation of vBMSCs in vitro and, therefore, may prevent vertebral fatty
marrow deposition and inflammatory responses during disc degeneration. One important
concept raised in this study is that in addition to direct treatment of IVD for disc
degeneration, we could rectify the lesions in vertebral bone marrow, which eventually would
facilitate IVD treatment. However, this treatment strategy requires further investigation both
in vitro and in vivo. We propose that further studies with fullerol may be lead to the
development of an effective agent for the treatment of symptomatic IVD degeneration.
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Figure 1.
Cytotoxicity assay of fullerol on mouse vertebral BMSCs (vBMSCs). A: Sub-confluent
vBMSCs were cultured in 24-well plates and treated with 0 (low control), 0.1, 1, 10 μM
fullerol, or 0.5% Triton X-100 (high control). Media were harvested at 6, 12, 18 and 24h and
cellular LDH leakage was measured at OD 495 nm (reference 650 nm). Wells without cells
were assayed as blank controls that were then subtracted from the corresponding samples. *
p<0.05, ** p<0.01. B: Sub-confluent vBMSCs were cultured in 96-well plates and treated
with 0 (control), 0.1, 1, and 10 μM fullerol up to 7d. WST-1 assay was performed to
evaluate the cytotoxicity of fullerol by measuring the overall activity of mitochondrial
dehydrogenases in viable vBMSCs. Absorbance of of the supernatant was measured
spectrophotometrically at 440 nm (reference 650 nm). Wells without cells were assayed as
blank controls that were then subtracted from the corresponding samples. * p<0.05.
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Figure 2.
Fullerol suppressed intracellular ROS. Mouse vertebral BMSCs (vBMSCs) were cultured in
6-well plates with A: growth medium (GM, control), B: GM+1 μM fullerol, C: GM+10 ng/
mL interleukin-1 β (IL-1 β), or D: GM+1 μM fullerol+10 ng/mL IL-1 β. At day 3,
intracellular ROS intensity was detected by H2DCFDA fluorescence assay. Bar scale=100
μm. ROS was further quantified with flow cytometry by measuring mean fluorescence
intensity (MFI). * p<0.05.
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Figure 3.
Fullerol suppressed cellular inflammatory response induced by IL-1 β. Mouse vertebral
BMSCs (vBMSCs) were cultured on coverslips in 6-well plates with A: GM (control), B:
GM+1 μM fullerol, C: GM+10 ng/mL IL-1 β, or D: GM+1 μM fullerol+10 ng/mL IL-1 β. At
day 3, cells were fixed with 4% paraformaldehyde and MMP-3 and 13 antibodies were
applied. The proteins were detected with FITC-conjugated IgG (green color). The cells were
visualized under a fluorescence microscope. Nuclei were counter-stained with propidium
iodide (red color). Bar scale=100 μm. B: At 3 days of culture, total RNA was extracted.
Gene expression for MMP-1, 3, 13 and TNF-α was measured by real-time PCR with
specific primers. Relative mRNA content was normalized to 18S rRNA. * p<0.05.
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Figure 4.
Fullerol suppressed cellular adipogenic differentiation in vitro. Mouse vertebral BMSCs
(vBMSCs) were cultured in 12-well plates with A: GM (control), B: GM+1 μM fullerol, C:
adipogenic medium (AM), or D: AM+1 μM fullerol. Two weeks after culture, A:
Intracellular lipid-filled droplets were detected by Oil Red O staining. Bar scale=100 μm.
Bar graph shows the relative quantification of Oil Red O. B: Total RNA was extracted and
gene expressions of PPARγ and aP2 were measured by real-time PCR with specific primers.
Relative mRNA content was normalized to 18S rRNA. * p<0.05, ** p<0.01. “ND” denotes
“Non Detectable”.

Liu et al. Page 14

Spine J. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Fullerol treatment decreased ROS production in parallel with suppression of cellular
adipogenic differentiation. Mouse vertebral BMSCs (vBMSCs) were cultured in 12-well
plates with A: GM (control), B: GM+1 μM fullerol, C: adipogenic medium (AM), or D: AM
+1 μM fullerol. Two weeks after culture, ROS content was evaluated by nitroblue
tetrazolium (NBT) assay. NBT was reduced by ROS to a dark-blue, insoluble form of NBT
called formazan. For quantification, formazan was dissolved in 50% acetic acid solution by
sonication, and absorbance was measured at 560 nm. * p<0.05.
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Table 1

Sequences of primers and real-time PCR conditions

Gene Primers (F=forward; R=reverse) Amplicon size (bp) Annealing temperature (° C)

MMP-1 F: 5′-ACTCCCTTGGGCTCACTCATT-3′
R: 5′-ATCCTGGTTTAGCACAAAGTCTTCA-3′

92 56

MMP-3 F: 5′-TGATGAACGATGGACAGAGGAT-3′
R: 5′-CTTGAGAGAGATGGAAACGGGA-3′

164 55

MMP-13 F: 5′-TTTCTTTATGGTCCAGGCGAT-3′
R: 5′-TGTTTTGGGATGCTTAGGGTT-3′

51 55

TNF-α F: 5′-GGCTGCCCCGACTACGT-3′
R: 5′-GACTTTCTCCTGGTATGAGATAGCAA-3′

69 56

PPARγ F: 5′-GACCACTCGCATTCCTTT-3′
R: 5′-CCACAGACTCGGCACTCA-3′

266 55

aP2 F: 5′-AGTGGGAGTGGGCTTTGC-3′
R: 5′-CCTGTCGTCTGCGGTGAT-3′

169 55

18s F: 5′-CGGCGACGACCCATTCGAAC-3′
R: 5′-GAATCGAACCCTGATTCCCCGTC-3′

99 58
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