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Summary

Fibroblasts in soft tissues are one of the progenitors of ectopic calcification. Our previous
experiment found that the serum concentrations of small metabolite L-carnitine (LC)
decreased in an ectopic calcification animal model, indicating LC is a potential calcification
or mineralization inhibitor. In this study, we investigated the effect of LC on NIH3T3
fibroblast osteoblast differentiation, and explored its possible molecular mechanisms. Two
concentrations of LC (10 pM and 100 pM) were added in Pi-induced NIH3T3 fibroblasts,
cell proliferation was compared by MTT assays, osteoblast differentiation was evaluated
by ALP activity, mineralized nodules formation, calcium deposition, and expressions of the
osteogenic marker genes. Our results indicated that 10 pM LC increased the proliferation
of NIH3T3 cells, but 100 pM LC slightly inhibited cell proliferation. 100 pM LC inhibits
NIH3T3 differentiation as evidenced by decreases in ALP activity, mineralized nodule
formation, calcium deposition, and down-regulation of the osteogenic marker genes ALP,
Runx2 and OCN, meanwhile 10 pM of LC exerts an opposite effect that promotes NIH3T3
osteogenesis. Mechanistically, 100 pM LC significantly inhibits IGF-1/PI3K/Akt signalling,
while 10 pM LC slightly activates this pathway. Our study suggests that a decease in LC
level might contribute to the development of ectopic calcification in fibroblasts by affecting
IGF-1/PI3K/Akt, and addition of LC may benefit patients with ectopic calcification.

Keywords: Ectopic calcification, fibroblast, L-carnitine, IGF-1/PI3K/Akt, proliferation,

osteoblastic differentiation

1. Introduction

Ectopic calcification is defined as inappropriate
deposition of calcium/phosphate complexes in connective
tissues in aberrant locations (/). Pseudoxanthoma
elasticum (PXE) is a prototype of multisystem ectopic
mineralization disorders characterized by calcium
phosphate deposition in various tissues (2). PXE is
caused by mutations in the ABCC6 gene which encodes
for a putative transmembrane transporter protein,
ABCC6 (3-5). The Abcc6” mouse which recapitulates
the features of PXE, is a mouse model of PXE including
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extensive mineralization in the arterial blood vessels,
skin and Bruch’s membrane in the eyes (6,7). Fibroblasts
are present in all connective tissues, which are the
main component of dense connective tissue and the
progenitors of ectopic calcification (8). Osteoblasts
and fibroblasts are both of mesenchymal origin. In cell
morphology, osteoblasts are nearly indistinguishable
from fibroblasts, except for the formation of mineralized
extracellular matrix which locates outside the cells.
Additionally, all the genes expressed in fibroblasts are
also expressed in osteoblasts, but osteoblasts express
only two osteoblast-specific transcripts: one encoding
runt-related transcription factor 2 (Runx2), a transcription
factor, and the other encoding osteocalcin (OCN), a
secreted molecule (9). Thus, fibroblasts and osteoblasts
may express mutual transformation behavior due to the
same origin, partial overlap of phenotype, and similarity
of differentiation. Previous studies have indicated that
fibroblasts can convert to osteoblasts and form bone
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in vitro through induction of inflammatory mediators,
TGF-B, etc. (10). Furthermore, in vivo experiments also
confirmed that when there was an appropriate stimulus
condition (e.g. bone chips), fibroblasts became active,
could be transformed into osteoblasts, and finally formed
mineralized nodules (/7).

Cellular metabolic activity plays an important role
in regulating cell survival, differentiation and tissue
growth (/2). L-carnitine (LC) is a trimethylated amino
acid which is an essential cofactor for the transport of
long-chain fatty acids across the inner mitochondrial
membrane into the mitochondrial matrix for their
subsequent B-oxidation (/3). LC facilitates energy
availability, and is especially important for those tissues
with high energy requirements. Studies indicated that
cells of the osteoblastic lincage generate 40% to 80%
of their energy demands through fatty acid f-oxidation
(14). 1t has also been demonstrated that LC could protect
osteoblastic cells from apoptosis (/5,16), increased
metabolic activity and protein production of porcine
osteoblast-like cells (/7), as well as affected osteoblastic
activity (15).

Further studies in vivo and in vitro have suggested
that proliferating and differentiating factors which
affect osteoblastic activity exert their roles through
the involvement of insulin-like growth factor (IGF)
expression (/8). IGF-1 is produced and stored in
the bone matrix which stimulates proliferation and
differentiation of osteoblasts (/9-21). Moreover, studies
in animals and humans have shown that supplementation
with LC increased plasma concentrations of IGF-
1 (22-24). IGF-1 plays an important role in the
activation of the IGF-1/PI3K/Akt signaling pathway.
Binding of IGF-1 to its receptor results in a multiple
auto-phosphorylation cascade. As a consequence,
phosphoinositide-3-kinase (PI3K) is activated, and
then its downstream Akt translocates to the membrane,
where it becomes phosphorylated (at threonine 308 and
serine 473) and is thereby activated by PI3K (25,26).
Considerable evidence collected in vitro and in vivo
substantiated that the activation of the IGF-1/PI3K/
Akt pathway could effectively increase osteoblast
differentiation and calcification (27,28).

Our understanding of the effects of LC on
osteoblastic differentiation and mineralization has been
advanced by our previous study on the metabonomics
analysis of Abcc6 " knock-out mice whose LC
concentration was decreased in plasma. Therefore,
we hypothesized that LC may have a negative impact
on osteoblastic differentiation and mineralization.
To investigate this hypothesis, we performed an
experiment with a cell model of ectopic calcification,
cultured NIH3T3 cells in a Pi-inducing medium which
allowed mineralization to occur. To elucidate the
effects on osteoblast differentiation and mineralization
in vitro, the results were evaluated on mineralized
nodule formation, calcium deposits, ALP activity and

expression of osteogenic marker genes.
2. Materials and Methods
2.1. Cell culture and treatment

Mouse embryonic fibroblast cells NIH 3T3 cells,
obtained from the Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China),
were routinely cultured in DMEM (Gibco, Carlsbad, CA,
USA) normal growth medium supplemented with 10%
(v/v) fetal bovine serum (Gibco, Carlsbad, CA, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin (both
from Invitrogen, Carlsbad, CA, USA). At about 80%
confluence, cells were switched to Pi-inducing medium
consisting of the normal growth medium described above
supplemented with 2 mM Na,PO, (29) which represented
the control, or to Pi-inducing medium supplemented with
10 uM LC (Santa Cruz, California, USA) or 100 uM
LC. Cells were then continued to be cultured at 37°C in
a humidified atmosphere containing 5% (v/v) CO, for up
to 7 days or 12 days. The medium was replaced every 2
days and the first day of culture in Pi-inducing medium
was defined as day 0.

2.2. Cell proliferation analysis

Cell proliferations of NIH3T3 cells undergoing osteoblast
differentiation with different LC concentrations were
investigated by 3-[4, 5-dimethylthiazol-2-yl]-2, 5
diphenyl tetrazolium bromide (MTT) assay, which is a
sensitive quantitative colorimetric assay (30). Cells were
seeded on 96-well plates and treated for 24 h, 48 h and
72 h. The effects of LC on osteoblast proliferation were
evaluated every 24 hours for 3 days. MTT reagent (5 mg/
mL) was added to each well after the medium had been
aspirated, and incubated for 4 h at 37°C , then formazan
crystals were dissolved in dimethyl sulfoxide (DMSO)
and the absorbance was measured at 490 nm using Bio-
Tek Synergy HT.

2.3. Mineralization analysis

To measure mineralized nodule formation, the cellular
matrix was stained using a special, calcium-specific
stain, Alizarin Red S (AR-S) dye, which is an indicator
of mineralization (37). NIH3T3 cells were seeded on
24-well plates and treated for 12 days, after that the
cells were washed three times with phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde
for 10 min, and then were stained with 0.5% (w/v)
AR-S solution for 30 min at room temperature. Dye
was thoroughly washed three times with PBS and
the images of the stained cells were captured. For
quantitative analyses of the mineralization indicated
by AR-S, the cells were incubated in 10% (w/v)
cetylpyridium chloride at 37°C for 1 h. The absorbance
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of the supernatant was measured at 562 nm (32).
2.4. Calcium deposition analysis

NIH3T3 cells were seeded on 24-well plates, after 12
days of treatment the cells were decalcified with 0.6
mol/L HCI at 37°C for 24 h. The calcium content of
the HCI supernatant was determined using a Calcium
Assay Kit (Sigma, St. Louis, MO, USA) (33). After
decalcification, cells were washed three times with PBS
and solubilized with 0.1 mol/L NaOH/0.1% SDS at
4°C for 1 h. The protein content was measured with a
BCA Protein Assay kit (Thermo Scientific, Rockford,
IL, USA), and the calcium content of the cell layer was
normalized by protein content.

2.5. Alkaline phosphatase activity analysis

LabAssay'™ ALP kit (Wako, Osaka, Japan) was
used to measure the expression of ALP. This kit uses
p-nitrophenylphosphate as a substrate, and released
p-nitrophenol measured at 405 nm as the enzyme
activity. After 12 days of culture, NIH3T3 cells were
lysed by addition of 200 pL buffer containing 25 mM
Tris-HCI (pH 7.4) and 0.5% Triton X-100 (34), using
three cycles of freezing and thawing to verify that the
cells were completely lysed. Then, 20 pL of cell lysate
was mixed with 100 pL working assay solution and
incubated for 15 min at 37°C. The reaction was stopped
by addition of 80 pL stop solution and the absorbance
at 405 nm was measured by microplate reader. The
ALP activity was normalized by the total protein
concentration for each sample using the BCA method.

2.6. RNA isolation and quantitative real-time polymerase
chain reaction (RT-gPCR)

RNA levels were analyzed by real-time PCR in cells
treated for 7 days or 12 days. Total RNA was extracted
from 24-well plates using Trizol reagent (Gibco,
Carlsbad, CA, USA) and the purified total RNA was
used for cDNA synthesis with a first-strand cDNA
synthesis kit (Toyobo, Osaka, Japan). After the RT
reaction, cDNA was used as the template for RT-qPCR
of Runx2, ALP, OCN and IGF-1. Glyceraldehyde-
3-phosphatedehydrogenase (GAPDH) served as the
internal control. RT-qPCR was performed using a SYBR
Green qPCR Kit (Toyobo, Osaka, Japan) in a real-time
PCR detection system, LightCycler 480 thermocycler
(Roche Applied Science, Mannheim, Germany) with
gene-specific primers: 5'-TGG CTC TGC CTT TAT
TCC CTA GT-3' and 5'-AAA TAA GGT GCT TTG
GGA ATC TGT-3' for ALP, 5'-AAG TGC GGT GCA
AAC TTT CT-3" and 5'-TCT CGG TGG CTG GTA
GTG A-3' for Runx2, 5'-TGC TTG TGA CGA GCT
ATC AG-3' and 5'-GAG GAC AGG GAG GAT CAA
GT-3' for OCN, 5-GCT CTG CTT GCT CAC CTT C-3'

and 5'-TCA GTG GGG CAC AGT ACA TC-3' for IGF-
1 and 5'-ACC ACA GTC CAT GCC ATC AC-3' and 5'-
TCC ACC ACC CTG TTG CTG TA-3' for GAPDH.
The transcript levels were normalized using the GAPDH
transcript levels.

2.77. Western blotting

NIH3T3 cells were collected after 7 days of treatment,
and the cells were homogenized in cell lysis buffer
for Western and IP (Beyotime, Shanghai, China)
supplemented with protease and phosphatase inhibitors
on ice for 60 min and centrifuged at 13,000 g for 15
min at 4°C. Total protein concentration of the cell lysate
was determined by the BCA method. Forty micrograms
of the total protein from each sample was suspended
in Laemmli loading buffer and incubated at 95°C for
5 min. Proteins were separated using 12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred to a polyvinylidene
fluoride (PVDF) membrane. After 1 h of blocking with
5% low fat milk in TBST (10 mM Tris, 100 mM NaCl,
and 0.05% Tween-20), membranes were incubated
overnight at 4°C with the specific antibodies for goat
polyclonal anti-mouse Runx2 (C-19) (1:500) (Santa
Cruz Biotechnology, Carlsbad, CA, USA), rabbit
polyclonal anti-mouse Akt (1:1,000) (Cell Signaling
Technology, Danvers, MA, USA), rabbit monoclonal
anti-mouse Phospho-Akt (Ser473) (1:2000) (Cell
Signaling Technology, Danvers, MA, USA), and mouse
monoclonal anti-mouse GAPDH (G-9) (1:1,000) (Santa
Cruz Biotechnology, Carlsbad, CA, USA). Primary
antibodies were immunostained with the appropriate
peroxidase-conjugated secondary antibodies. Finally, the
blots were developed with enhanced chemiluminescence
(ECL) (Millipore Corporation, Billerica, MA, USA) and
exposed to X-ray film.

2.9. Statistical analysis

Statistical analyses were performed using SPSS-17.0
software (SPSS Inc., Chicago, IL, USA). Results are
expressed as the mean + S.D. All data were analyzed by
analysis of variance (ANOVA) and unpaired Student's
t-test. Statistical significance between groups was
defined as p < 0.05.

3. Results
3.1. Effects of LC on the proliferation of NIH3T3 cells

MTT assay is a main application that allows for
proliferation of cells to be assessed. The absorbance of
each well at 490 nm was measured after treatment for
24, 48 and 72 h. To compare with the control group, no
significant differences were observed between them at
24 and 48 h, but after 72 h, the Absorbance values of the
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10 uM LC group were slightly higher, while the 100 uM
LC group were slightly reduced (Figure 1). Therefore,
the MTT assay indicated that 10 uM LC increased the
proliferation of NIH3T3 cells, but 100 uM LC slightly
inhibited cell proliferation.

3.2. Effects of LC on the osteogenic activities in NIH3T3
cells

First, we investigated whether ALP activity was altered
during LC treatment in NIH3T3 cells. In this study,
we found that the ALP activity in the 10 uM LC group
was much higher, but in the 100 uM LC group was
lower than the control group (p < 0.05, Figure 2A).
Therefore, this indicates that 10 uM LC can promote
ALP activity, while 100 uM LC suppresses the ALP
activity in NIH3T3 cells. Next, the expression of Runx2
was determined by Western blotting analysis. The result
showed that the expression of Runx2 was upregulated
in 10 uM LC treated cells and was markedly
dowregulated in 100 pM LC treated cells compared
with the control cells at 7 days (Figure 2B). Together,
these results suggest that LC has alterable effects on the
osteogenic activities in NIH3T3 cells; either increased
or decreased depending on the levels of specific
concentration. Low concentration of LC facilitates
osteoblast differentiation, while high concentration of
LC counteracts the process in NIH3T3 cells.

3.3. Effects of LC on the mineralization in NIH3T3 cells

In this study, we confirmed the mineralization of
NIH3T3 cells by AR-S stain. As shown in Figure 3A,
obvious mineralized nodules were noted in 10 uM
LC, but decreased in 100 pM LC in comparison to the
control. To evaluate calcium deposition in the NIH3T3
cell matrix, quantitative assays of mineralization were
carried out after incubation in cetylpyridium chloride.
The results revealed that calcium deposition under the
10 uM LC condition was increased, whereas the 100
puM LC condition was decreased (p < 0.05, Figure 3B).
To further examine the mineralization, the calcium
depositions were also carried out using a Calcium
Assay Kit. The data were consistent with the AR-S
stain (p < 0.05, Figure 3C). These results provided
further evidence that 10 uM LC had a positive effect on
osteoblast differentiation and mineralization in NIH3T3
cells, whereas 100 uM LC had an opposite effect.

3.4. Effects of LC on the expression of osteogenic marker
genes in NIH3T3 cells

To gain further insight into the molecular mechanism
of LC function in osteoblast differentiation, the
expression of typical osteogenic marker genes (Runx2,
ALP, and OCN) were examined by realtime PCR. The
expression level of Runx2, which regulates osteoblast
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Figure 1. Effects of LC on the proliferation of NIH3T3
cells. The proliferation of NIH3T3 cells was measured by
MTT assays after treatment with 10 or 100 pM LC or no
treatment (control) for 24 h, 48 h and 72 h. Data are expressed
as the mean = S.D., n=6. *p <0.05, vs. control.
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Figure 2. Effects of LC on osteogenic activities in NIH3T3
cells. The ALP activity (A1) and Runx2 expression (B) were
determined by LabAssay™ ALP kit and Western blotting
analysis, respectively. NIH3T3 cells induced with Pi-inducing
medium after treatment with 10 or 100 uM LC or no treatment
(control) for 7 or 12 days are shown. Bars are shown as the
mean = S.D., n=3."p <0.05 vs. control.
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Figure 3. Effects of LC on matrix mineralization in
NIH3T3 cells. The calcium deposits in the mineralized matrix
were analyzed by Alizarin Red S staining (A) which was
quantified at 562 nm (B) and Calcium Assay Kit (C). NIH3T3
cells induced with Pi-inducing medium after treatment with
10 or 100 uM LC or no treatment (control) for 12 days are
shown. Bars are shown as the mean + S.D., n = 3. *p < 0.05,
vs. control.

differentiation at the early stages, was markedly
upregulated in the 10 uM LC group, and downregulated
in the 100 uM LC group compared with the control at
7 days (Figure 4A). The expressions of ALP and OCN
in the 10 uM LC group and 100 uM LC group were
significantly higher or lower than the control group at
12 days (Figures 4B and 4C). These results also suggest
that 10 uM LC can facilitate osteoblast differentiation,
while 100 uM LC inhibits osteoblast differentiation
in NIH3T3 cells which is consistent with mineralized
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Figure 4. Effects of LC on expression levels of different osteoblast differentiation marker genes in NIH3T3 cells. Real-time
PCR analyses of the Runx2 (A), ALP (B), and OCN (C) mRNA levels in NIH3T3 cells induced with Pi-inducing medium after
treatment with 10 or 100 uM LC or no treatment (control) for 7 or 12 days are shown. The results were normalized by the mRNA
levels of GAPDH as a housekeeping gene. Results are the mean = S.D., n=3. * p <0.05 vs. control.
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Figure 5. Effects of LC on the IGF-1/PI3K/Akt signaling
pathway in NIH3T3 cells. Real-time PCR analyses of /GF-
1(A) and Western blotting analysis of p-Akt and Akt proteins
(B) in NIH3T3 cells induced with Pi-inducing medium after
treatment with 10 or 100 uM LC or no treatment (control) for
7 days are shown. Data are expressed as the mean + S.D., n = 3.
*p <0.05, vs. control.

nodule formation, calcium deposition, ALP activity and
the expression of Runx2 shown above.

3.5. Effects of LC on the IGF-1/PI3K/Akt signaling
pathway in NIH3T3 cells

In order to investigate whether LC could have an
influence on the IGF-1/PI3K/Akt signaling pathway,
we used RT-PCR and Western blot analysis. RT-PCR
showed that the mRNA expression of /IGF-I, was
upregulated in the 10 uM LC group, and downregulated
in the 100 uM LC group compared with the control
at 7 days (Figure 5A). This demonstrated that 10 uM
LC increases expression of /GF-1, but 100 uM LC
decreases expression. Moreover, we identified the
protein expression of Phospho-Akt (p-Akt) by Western
blot analysis after 7 days treatment. As shown in Figure
5B, although the expression level of p-Akt protein had
no significant difference when treated with 10 uM LC,
the 100 uM LC was significantly lower than the control
at 7 days. As well as the total mass of Akt protein had
no significant difference between the three groups. This
suggested that supplementation of 100 uM LC leads
to an inactivation of the IGF-1/PI3K/Akt signalling
pathway.

4. Discussion

Ectopic calcification is a common problem associated

with several clinical conditions, such as aging, organ
injury, and autoimmune diseases. Studies have noted
that several factors, either systemic or local, can
antagonize the aberrant mineralization of connective
tissues (35). In spite of the fact that molecular
mechanisms underlying the regulation of ectopic
calcification are unclear, some evidence has emerged
in support of the concept that ectopic calcification is a
cell regulated process (36). To test the possible roles of
LC in ectopic mineralization, we cultured NIH3T3 cells
in Pi-inducing medium and supplemented with LC.
Cells undergo a phenotypic transition into osteoblast
cells, evidenced by an increase in mineralized nodule
formation and calcium deposits.

During the early stage of osteoblast differentiation,
osteoblasts synthesize Runx2, ALP and other osteoblastic
differentiation markers, ultimately leading to the
induction of extracellular matrix calcification (37,38).
Runx2 is a crucial transcription factor which regulates
the expression of major bone matrix protein genes
and determines osteoblast differentiation (39). Runx2
has been shown to regulate the expression of OCN
(40). OCN is essential for hydroxyapatite binding and
deposition in the extracellular matrix of bone, whose
synthetic peak is consistent with the peak of ALP activity
(41). ALP is a well-established phenotypic marker
of osteoblast differentiation and a critical enzyme in
calcification (42). In this study, we found that both the
mRNA and protein levels of Runx2 were increased in the
100 uM LC group and decreased in the 10 pM LC group
compared with the control. It demonstrated that LC could
affect the differentiation of osteoblasts by regulating
the level of Runx2 expression. The results were parallel
to the gene expression of ALP, OCN and ALP activity.
Most importantly, the formation of mineralized nodules
in NIH3T3 cells evaluated by AR-S and calcium deposits
provided powerful evidence. Taken together, these results
suggest that LC exerted a dominant effect on osteoblast
differentiation and mineralization in NIH3T3 cells.

Some studies suggest that LC promoted osteoblast
proliferation and differentiation in vitro (43,44), while
other studies indicated that LC inhibited proliferation
in VSMCs (45). In this study, we found that the 10
uM LC positively affected osteoblast proliferation,
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but the higher concentration of LC (100 uM) slightly
decreased osteoblast proliferation compared with the
control. Meanwhile, it has recently been demonstrated
that supplementation of LC lead to an activation of the
IGF-1/PI3K/Akt signalling pathway (46). Therefore, we
investigated whether the effect of LC on proliferation
and osteoblast differentiation could be mediated by
the IGF-1/PI3K/Akt signalling pathway. To this end,
we tested the effects of LC on /GF-1, p-Akt and Akt
expression by RT-qPCR and Western blot analysis. The
results showed that the gene expression of /GF-/ and
the protein level of p-Akt were downregulated in the
100 uM LC treated cells. Consequently, we postulate
that the proliferation and osteoblast differentiation
effects on fibroblasts could be in turn responsible for
the IGF-1/PI3K/Akt signalling pathway induced by LC.
Taking all the experiments together, our study indicates
that the higher concentration of LC (100 uM) slightly
inhibits osteoblast proliferation, and plays negative
roles in osteoblast differentiation and mineralized bone
matrix formation in fibroblast cells, which is consistent
with our previous study on the metabonomics analysis
of Abcc6” knock-out mice whose LC concentration
was decreased in plasma.

In conclusion, our data have demonstrated for the
first time that supplementation of 100 uM LC leads
to an inactivation of the IGF-1/PI3K/Akt signalling
pathway, and slightly inhibits the proliferation and
osteoblast differentiation of fibroblast cells. So far there
is no effective treatment for the systemic manifestations
of ectopic mineralization disorders. From this point of
view, we have probably provided a reasonable basis
for the potential utility of LC in the prevention and
treatment of ectopic calcification, although gaining
a better understanding of the mechanism should lead
to improved prevention and treatment of ectopic
calcification in the future. In a follow-up study, we will
continue to study the mechanism underlying ectopic
calcification prevention and treatment by LC.
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