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Abstract
Vitamin D is mostly recognized for its regulation of calcium homeostasis in relation to the
intestine, kidney, and bone. Although clinical studies have linked vitamin D with increased muscle
function and strength, little is known of its underlying molecular mechanism. We recently
demonstrated that 1,25-D3 exerts a direct pro-myogenic effect on skeletal muscle cells; this has
provoked our investigation of 1,25-D’s effect on angiogenesis, a vital process for new capillary
development and tissue repair. In this study, we examined the mechanism by which 1,25-D3
modulates key angiogenic growth factors and angiogenic inhibitors. C2C12 myoblasts were
incubated with 100 nM 1,25-D3 or placebo for 1, 4 and 10 days. At the end of the respective
incubation time, total RNA was isolated for PCR arrays and for qRT-PCR. Total proteins were
isolated for western blots and proteome profiler arrays. The addition of 1,25-D3 to C2C12
myoblasts increased VEGFa and FGF-1: two pro-angiogenic growth factors that promote neo-
vascularization and tissue regeneration, and decreased FGF-2 and TIMP-3: two myogenic and/or
angiogenic inhibitors. Our previous study demonstrated that 1,25-D3 altered IGF-I/II expression,
consistent with the observed changes in VEGFa and FGF-2 expression. These results extend our
previous findings and demonstrate the modulation of angiogenesis which may be an additional
mechanism by which 1,25-D3 promotes myogenesis. This study supports the mechanistic rationale
for assessing the administration of vitamin D and/or vitamin D analogues to treat select muscle
disorders and may also provide an alternative solution for therapies that directly manipulate VEGF
and FGF’s to promote angiogenesis.
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1. Introduction
Vitamin D is mostly known by its role in the regulation of calcium homeostasis and bone
metabolism. However, increasing evidence indicates that vitamin D plays an essential role in
many other tissues including skeletal muscle, especially in relation to muscle weakness and
muscle pain [1, 2]. Multiple cross-sectional studies in community-dwelling older adults have
found a direct association between vitamin D status and parameters of physical performance
[3, 4]. Moreover, it has been described that low vitamin D levels are associated with the
frailty syndrome in men and women [5, 6]. Very notably, it has been demonstrated that a
high dose of Vitamin D supplementation (>800 IU daily) leads to a significant reduction in
risk fracture- with a 30% reduction in the risk of hip fracture and a 14% reduction in risk of
nonvertebral fracture which was independent of age, sex, and type of dwelling amongst
subjects 65 years of age and older [7]. It has been demonstrated that skeletal muscle cells are
a direct target for vitamin D. Simpson et al showed the expression of 1,25-D3 receptor-like
proteins by affinity binding assay in an embryonic myoblast cell line [8], although the
expression of vitamin D receptor (VDR) in adult human skeletal muscle is controversial due
to concerns regarding antibody specificity [9]. VDR expression in adult skeletal muscle has
been shown by some authors [10, 11] and it was absent in another study [9]. However, mice
lacking the VDR show a skeletal muscle phenotype with smaller and variable muscle fibers,
and persistence of immature muscle gene expression during adult life suggesting a role of
vitamin D in muscle development [12, 13].

We recently demonstrated that the addition of 1,25-D3 to C2C12 skeletal muscle cells
decreases cell proliferation and enhances myogenic differentiation through an increased
expression and nuclear translocation of the VDR and modulation of pro-and anti-myogenic
factors [14]. In addition, We also have shown that 1,25-D3 exerts a direct pro-myogenic cell
differentiation effect on skeletal muscle cells by increasing IGF-II and follistatin expression,
while simultaneously decreasing the expression of not only IGF-I, but myostatin, a negative
regulator of skeletal muscle mass [14].

Angiogenesis is a normal and vital process for new capillary development and tissue repair
during the adult life span for regeneration and damaged tissues. Regenerative therapies for
skeletal muscle injuries need to consider in addition to myogenic differentiation, the
promotion of revascularization in order to reduce scarring and effective muscle regeneration
[15].

It has been demonstrated that several angiogenic factors are also involved in myogenesis
indicating a strong association between angiogenesis and skeletal muscle regeneration.
Fibroblast growth factor-1 (FGF-1), a member of the heparin-binding growth factor family
and a well-known pro-angiogenic factor, is induced during myogenesis and is required
during myoblast differentiation [16]. Vascular endothelial growth factor alpha (VEGFa)
another key inducer of angiogenesis, is regulated as part of the myogenic differentiation
program and regulates myogenesis in an autocrine function [17]. Additionally, VEGFa
stimulates terminal skeletal muscle cell differentiation in C2C12 myoblasts cells, as
evidenced by increased myotube formation [17] and by improving skeletal muscle
regeneration after acute trauma and reconstruction of the limb in a Rabbit Model [18].

There is also a growing body of evidence demonstrating that inhibitors of angiogenesis such
as the tissue inhibitors of metalloproteinases (TIMPs) are key regulators of skeletal muscle
function in health and disease [19]. Moreover, it has been shown that TIMP-3, the
endogenous inhibitor of TNFalpha-converting enzyme (TACE), acts as an on-off switch for
myogenic differentiation by regulating autocrine TNFalpha release [20]. Liu et al
demonstrated that constitutively expressed TIMP-3 is transiently downregulated in the
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satellite cells of regenerating mouse hindlimb muscles and in differentiating C2C12
myoblasts. The same authors concluded that TIMP-3 specifically is a physiological regulator
of myogenic differentiation [20].

Although it has been established that FGF-2 is an inducer of angiogenesis, proliferation and
cell migration in several cells and tissue types [21], conversely, in skeletal muscle tissue,
FGF-2 has been long described to be an inhibitor of skeletal muscle differentiation in
myoblasts in vitro [22, 23].

Despite of the considerable body of evidence during the last recent years, the balance and
contribution between angiogenic and anti-angiogenic factors in regulating skeletal muscle
angiogenesis and muscle cell differentiation remains poorly understood.

Vitamin D, a fat-soluble secosteroid pro-hormone is obtained from sun exposure or from
dietary sources. During exposure to sunlight 7-dehydrocholesterol (7-DHC) in the skin is
converted to pre-vitamin D3 (preD3), which is immediately converted by a heat-dependent
process to vitamin D3. Vitamin D2 and vitamin D3 from dietary sources are incorporated
into chylomicrons, transported by the lymphatic system into the venous circulation. Vitamin
D in the circulation is bound to the vitamin D-binding protein, which transports it to the liver
where vitamin D is converted by the vitamin D-25 hydroxylase (25-OHase) to 25-D3 (25-
hydroxivitamin D3). 25-D3 is biologically inactive and is converted primarily in the kidney
by the 25-hydroxyvitamin D-1α-hydroxylase (1-OHase) to its biologically active form 1,25-
dihydroxyvitamin D (1,25-D3) or calcitriol [24].

Mouse C2C12 skeletal muscle cells are an “in vitro” system that expresses the VDR [14, 25]
and CYP27B1 [25], and they are widely used to study genes that regulate muscle growth
and differentiation [14, 26, 27]. C2C12 myoblast cells differentiate rapidly, forming
contractile myotubes and producing characteristic muscle proteins [27].

The aim of the present study was to test whether 1,25-D3, in addition to promote myogenic
differentiation [14] can also modulates the expression of key angiogenic growth factors and
angiogenic growth factor inhibitors that may ultimately promote muscle regeneration and
repair. To accomplish this, we investigated the expression of key angiogenic growth factors
and angiogenic inhibitors modulated by 1,25-D3 in a well-known and widely used skeletal
muscle cell model.

2. Materials and Methods
2.1. Cell Culture

The mouse C3H myoblast cell line C2C12 (CRL-1772, ATCC, Manassas, VA) was
propagated in DMEM supplemented with 10% dialyzed fetal bovine serum (FBS) at 37°C
and 5% CO2 [14, 27] at 40–50% confluence in T75 flasks. FBS is dialyzed by tangential
flow filtration utilizing 10,000 MW cutoff filters; this procedure eliminates many low
molecular weight hormones and cytokines that could impact the cell culture. Cells were
distributed on six well plates (Corning International, Lowell MA). The next day, the cells
were incubated or not with 100 nM of 1,25-D3 (Sigma–Aldrich, St. Louis, MO) dissolved in
less than 0.1% ethanol as vehicle in DMEM 10% dialyzed fetal bovine serum for 1 to 10
days. The 100nM concentration of 1,25-D3 employed in the experimental designed was the
optimal dose established based on our prior dose-response studies and is in alignment with a
commonly used dose applied in the majority of publications related to 1,25-D3 effects on
different cell lines or even in primary cell cultures [14, 28–33]. Because of the 10-hour half-
life of 1,25-D3, the cell culture media, incubated or not with 1,25-D3 (100 nM) was replaced
daily [14, 28].
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2.2. PCR Array Analysis of Angiogenesis Growth factors and Angiogenesis Inhibitors
RT2 profiler PCR pathway focused arrays (SABiosciences, Frederick, MD) were performed
in triplicate to detect changes in gene expression of growth factors, receptors and cytokines
that play a role in angiogenesis. Total RNA from C2C12 cells control (untreated) and treated
with 1,25-D3 (100nM) for 24 hours, 4 days and 10 days were isolated with Trizol-Reagent
(Invitrogen, Carlsbad, CA). Total RNA aliquots were converted by reverse transcription, and
the resulting cDNA were subjected to the Mouse Angiogenesis (PAMM-024) and the Mouse
Angiogenic Growth Factors & Angiogenesis Inhibitors (PAMM-072) PCR Arrays
(SABiosciences, Frederick MD). The Mouse Angiogenesis RT2 Profiler™ PCR Array
contains genes involved in modulating the biological processes of angiogenesis. The Mouse
Angiogenic Growth Factors & Angiogenesis Inhibitors array profiles the expression of
growth factors, chemokines and cytokines that promote the biogenesis of new blood vessels
and the genes that encode inhibitors of this process. Real-time PCR were performed as
follows: melting for 10 min. at 95 C°, 40 cycles of two-step PCR, including melting for 15
sec at 95 C°, annealing for 1 min. at 60 C°. The raw data were analyzed using ΔΔCt (cycle
threshold) method following manufacturer’s instructions (SABiosciences Copr.) [14, 28,
29].

2.3. Real-time quantitative PCR
Total RNA was extracted using Trizol-Reagent (Applied Biosystems, Foster City, CA)
followed by the RNeasy mini kit (QIAGEN, Valencia, CA) and equal amounts (1 μg) of
RNA were reverse transcribed using the RT2 First Strand kit (CO-3) (SABiosciences,
Frederick, MD). Mouse gene PCR primer sets (RT2) for VEGFa, FGF-1, FGF-2, and
TIMP-3 were obtained from SABiosciences Corp. The Qiagen RT2SYBR Green/ROX
qPCR MasterMix (QIAGEN, Valencia, CA) was used with the ABI Step One Plus PCR
thermocycler with fluorescent detector lid (Applied Biosystems) [14, 28, 29]. The protocol
included melting for 15 min. at 95 C°, 40 cycles of two-step PCR including melting for 10
min. at 95 C°, 40 cycles of two-step PCR, including melting for 15 sec. at 95 C°, annealing
for 1 min at 60 C°. Samples of 25 ng of cDNA were analyzed in triplicate in parallel with
glyceraldehide-3-phosphate dehydrogenase (GAPDH) and ribosomal protein, large P1, (data
not shown) controls. Relative quantification of the gene expression level was carried out
using the comparative Ct (ΔΔCt) method and determined as the difference between the CT
for a specific mRNA gene and the CT for a reference mRNA, normalized to GAPDH and
RPLP1 threshold expression.

2.4. Proteome array analysis of angiogenic growth factors
To determine the changes in angiogenesis growth factors in C2C12 cells, a proteome profiler
array was employed in triplicate following the manufacturer’s instructions (R&D System
Inc, Minneapolis, MN). The Proteome profiler Mouse Angiogenesis Array (ARY015)
detects the relative levels of 53 angiogenesis related proteins including differentiation
factors, extracellular matrix components, proteases, membrane bond receptors, and
intracellular signaling molecules. Briefly, protein aliquots of 300 μg/mL were diluted and
mixed with a cocktail of biotinylated detection antibodies for 1h at room temperature. The
sample/antibody mixture was then incubated overnight at 4°C with the membrane array. The
angiogenesis growth factor antibodies complex present were bound by its cognate
immobilized capture antibodies on a nitrocellulose membrane containing 53 different anti-
angiogenic antibodies in duplicate. After several washes, streptavidin-horseradish
peroxidase was added and incubated for 30 min. Membranes were then exposed to western
blot chemiluminescent detection reagents (GE Healthcare, Piscataway, NJ). The
densitometric signal produced by each spot run in duplicate was proportional to the amount
of protein bound determined by Image J (NIH, Bethesda, MD). Positive and negative
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controls are included in each membrane array to compensate for background and intensity
differences.

2.5. Western Blot and Densitometry Analysis
Cell lysates (30–60 μg of protein) were subjected to western blot analyses after separation of
proteins on 4–15% Mini-PROTEAN TGX Precast Gels (Bio-Rad, Hercules, CA) in running
buffer (Tris/Glycine/SDS). Proteins were horizontally transferred for 40 minutes to
nitrocellulose membranes in transfer buffer (Tris/Glycine/Methanol). The non-specific
binding was blocked by immersing the membranes into 5% non-fat dried milk, 0.1% (v/v)
Tween 20 in 1X PBS overnight at 4°C. After several washes with washing buffer (PBS
Tween 0.1%), membranes were incubated with the primary antibodies for three hours at
room temperature or overnight at 4°C, monoclonal antibodies were as follows: a) VEGFa (1:
150) (R & D Systems, Minneapolis, MN) b) glyceraldehide-3-phosphate dehydrogenase
(GAPDH) (1:10,000) (Millipore, Temecula, CA). Polyclonal antibodies were used for: a)
FGF-1 (1:50) b) FGF-2 (1: 3,000) and c) TIMP-3 (1:3000) (Abcam Inc., Cambridge, MA).

The washed membranes were incubated for 1 hour at room temperature with: 1:500 dilution
(anti-rat horseradish peroxidase conjugated antibody, for VEGFa primary antibody) (R & D
Systems, Minneapolis, MN) and 1:3,000 dilution (anti-mouse) or 1:2,000 dilution (anti-
rabbit) of secondary antibody linked to horseradish peroxidase, respectively (Cell Signaling
Technology, Inc., Danvers, MA). After several washes, the immunoreactive bands were
visualized using the Amersham ECL western blotting detection system (GE Healthcare,
Buckinghamshire, UK). The densitometry analysis of the bands was done with Image J
1.40g Image software (National Institute of Health, Bethesda, MD) [28, 29].

2.6. Statistical Analysis
All data are presented as Mean +/− S.E.M. Multiple comparisons were analyzed by a one-
way analysis of variance (one-way ANOVA or T-test).

If the overall ANOVA revealed significant differences, then pair-wise comparisons between
groups were performed by Tukey multiple comparison test.

All comparisons were two-tailed, and P values less than 0.05 were considered statistically
significant. In vitro experiments were repeated thrice, and data from representative
experiments are shown. Specifically, the RT2 Profiler PCR arrays and the proteome profiler
arrays were done in triplicate and confirmed by real time quantitative PCR and western blots
respectively done in triplicate.

For PCR array and real time PCR analysis we considered significant changes in gene
expression values of ± 1.5 fold change respect to control.

3. Results
3.1. 1,25-D3 Modulates the expression of key angiogenic growth factors and angiogenic
growth factor inhibitors in C2C12 skeletal muscle cells

The effect of 1,25-D3 on specific angiogenic growth factors and angiogenic growth factors
inhibitors was evaluated at the steady state mRNA level by applying the Mouse
Angiogenesis and the Mouse Angiogenic Growth Factors & Angiogenesis Inhibitors PCR
Arrays. Table 1 shows the differential steady state mRNA levels between 1,25-D3 treated
and untreated cells for determinations done in triplicate after 24h, 4 and 10 days of
incubation with 1,25-D3. The PCR array analysis showed no changes in the expression of
FGF-1 after 24h incubation with 1,25-D3, although a positive up-regulation of the
expression of FGF-1 was observed at 4 and 10 days respectively.

Garcia et al. Page 5

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



VEGFa was also up-regulated after incubating the cells with 1,25-D3 for 24h, and 4 days.
No significant changes in the expression of VEGFa were observed at 10 days incubation
with 1,25-D3 with respect to the control. In contrast, the angiogenesis growth factor
inhibitor TIMP-3 was continuously down regulated upon 1,25-D3 incubation at 24h and 4
days while reverting back to control values at 10 days. Most importantly, a marked down-
regulation of FGF-2, an inhibitor of skeletal muscle differentiation [22] was observed at 24h
and 4 days with a marginal down-regulation observed at 10 days (−1.87). We also
investigated possible changes in FGF-6 gene expression, a critical component of the muscle
regeneration machinery in mammals, possibly by stimulating or activating satellite cells
[34]. We found no changes in FGF-6 expression at 24h, 4 days and 10 days of continuous
incubation with 1,25-D3.

The effect of 1,25-D3 on the expression of angiogenic growth factors and inhibitors were
also studied at the protein level by using the Proteome Profiler Mouse Angiogenesis Array.
Figure 1, A shows the changes in protein expression profile with the corresponding
densitometric analysis after incubation of 1,25-D3 for 24h. A 1.74-fold up-regulation of
VEGFa protein expression with respect to the control was observed, in agreement with the
findings at the mRNA levels.

In addition we corroborated the down regulation of the expression of FGF-2, by 1.93-fold
compared with the control after 24h of incubation with 1,25-D3. Figure 1, B shows the
changes in protein expression profile with the corresponding densitometric analysis after 4
days of continuous incubation with 1.25-D3, VEGFa was consistently up-regulated by 2.47-
fold compared to the control, and FGF-1 was also up-regulated by 1.70-fold. At the same
timepoint, FGF-2 was down-regulated by 1.50-fold compared with the control. The
proteome profiler mouse angiogenic array was also done at day 10 and showed a protein
expression profile comparable to the data found by PCR arrays at the same time point (not
shown).

3.2. 1,25-D3 increases FGF-1 expression in C2C12 skeletal muscle cells
The data obtained by PCR arrays and proteome profiler arrays where further confirmed by
individual real-time PCR and western blots respectively both done in triplicate. The real-
time PCR data showed an increase in the expression of FGF-1 by 3.10-fold after 4 days and
by 10.73-fold after 10 days of continuous incubation with 1,25-D3 (Figure 2, A). The
changes at the level of protein expression were estimated by western blots with the
corresponding densitometric analysis and showed a similar trend for FGF-1 at 4 days
(Figure 2, B) and at 10 days (Figure 2, C).

3.3. 1,25-D3 increases VEGFa expression in C2C12 skeletal muscle cells
The increased expression of VEGFa observed by PCR and proteome profiler arrays were
also further confirmed by real-time PCR at 24 h (4.21-fold) and at 4 days (4.57-fold) (Figure
3, A) and at the protein level by western blots with the corresponding densitometric analysis
at 24h (Figure 3, B) and at 4 days (Figure 3, C).

3.4. 1,25-D3 decreases FGF-2 expression in C2C12 skeletal muscle cells
In agreement with the results obtained by real time PCR and proteome profiler arrays at 24h
and 4 days, a down-regulation of FGF-2 was further confirmed by real time PCR (1.74-fold,
24h) and (1.60-fold, 4 days) Figure 4, A and at the protein level by western blot with the
corresponding densitometric analysis at 24hs (Figure 4, B) and at 4 days (Figure 4, C).
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3.5. 1,25-D3 decreases TIMP-3 expression in C2C12 skeletal muscle cells
TIMP-3 is considered a potent inhibitor of angiogenesis by binding directly to VEGF-R2
and hence blocking the pro-angiogenic activity of VEGFa [17]. We demonstrated by PCR
array a down-regulation of the expression of TIMP-3 upon incubation with 1,25-D3. A
further confirmation of the down-regulation was observed by real-time PCR at 24h (1.76-
fold) and at 4 days (3.74-fold), Figure 5, A.

A decreased expression of TIMP-3 at the protein level was confirmed by western blot with
the corresponding densitometric analysis at 24 h (Figure 5, B) and at 4 days (Figure 5, C).

4. Discussion
The data presented in this manuscript demonstrate that the addition of 1,25-D3 to C2C12
skeletal muscle cells enhance the expression of key angiogenesis growth factors and
decrease the expression of essential angiogenesis/myogenesis inhibitors, promoting the
myogenic process. Specifically, we demonstrated that the angiogenic effect of 1,25-D3 on
C2C12 skeletal muscle cells involves 1) an up-regulation of two pro-angiogenic growth
factors: FGF-1 and VEGFa which have been shown to promote muscle differentiation as
well as neo-vascularization and tissue regeneration, and 2) decreased expression of an
inhibitor of skeletal muscle differentiation, FGF-2 [17]; and 3) down regulation of an
angiogenic and myogenic inhibitor TIMP-3 [17, 19].

Consistent with our data, it has been proposed that the equilibrium between pro- and anti-
angiogenic factors is also needed to regulate and maintain angiogenesis under physiologic
conditions, such as wound healing [19]. In other words, it is unlikely that one factor solely
controls the angiogenic process. Indeed, it is more likely that the delicate balance between
stimulators and inhibitors, and even more importantly, the temporal expression that
ultimately determines whether or not microvessel density and the differentiation process will
be altered. Angiogenesis is defined not only as a vital process for new capillary development
and tissue repair during the adult life span but also for tissue regeneration, differentiation
and wound healing [35]. Regenerative therapies for skeletal muscle injuries and disorders
such as muscle wasting require the revascularization of the scarred tissue as well as
myofiber regeneration during the wound healing process, and collectively we have shown in
the present manuscript and in our previous study [14] that vitamin D replenishment could be
a crucial supplement to enhance the myogenic process.

The increase expression of FGF-1 induced by 1,25D-3 agrees with the concept that FGF-1
up-regulation is required for myoblast differentiation since FGF-1 knock-down by siRNA
attenuates Myogenin induction originating in abnormal myotubes [16]. Moreover, it has
been shown that FGF-1 is expressed in dystrophic muscle, suggesting a positive role in the
regeneration of skeletal muscle fibers [36, 37]. Furthermore, previous studies have evaluated
the administration of FGFs directly to the sites of wounds, similar to that of other growth
factors [38]. However, when free FGF-1 solutions were injected in vivo, they rapidly lose
their biological functional activity, primarily due to diffusional loss and/or enzymatic
inactivation/degradation [39, 40]. Using 1,25-D3 to enhance FGF-1 endogenous expression
could be beneficial rather than directly administering FGF-1 externally due its instability.

The increase in the expression of VEGFa induced after 1,25-D3 incubation reinforces the
role of vitamin D as a “natural” myogenic enhancer without the difficulty of gene transfer
techniques, since published data demonstrate that VEGF promotes the growth of myogenic
fibers and protects the myogenic cells from apoptosis in vitro and in vivo [41]. The increase
local expression of VEGFa in vivo was achieved using an AAV-VEGFa vector (adeno-
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associated virus-VEGF vector), which exerted a powerful effect on skeletal muscle
regeneration in CD1 mice [41].

We found no change in the expression of FGF-1 at 24h but observed a constant increase
from 4 to 10 days. By contrast VEGFa expression increased at 24h, peaked at 4 days, and
leveled off at 10 days. Previous studies have investigated the interaction between MyoD, an
early myogenic marker, with VEGFa and its receptors. They observed that MyoD is
imperative for increasing the expression of VEGFa, in C2C12 differentiating cells, through
its direct interaction at the VEGF promoter region [17]. These results agree and provide a
possible explanation for our previous findings that showed that 1,25-D3 treated cells
increased MyoD expression during the time frame that we observed [14] an increase in
VEGFa expression in the present study. Notably, it has been demonstrated that the VEGFa
increases IGF-II, and neither showed any changes at day 10 of incubation with 1,25-D3 in
the present or previous study [42]. Myotube formation, which is a late event in myogenic
differentiation, has been observed to be greatly dependent on the presence of FGF-1. Conte
et al. observed that FGF-1 silenced C2C12 cells resulted in delayed and abnormal myotube
formation [16]. They concluded that FGF-1 was required during muscle regeneration/
differentiation and required for correct myotube formation [16]. This supports our previous
and present study where we observed that the addition of 1,25-D3 resulted in an increase
expression of MHC type II, a late marker of myogenesis and fiber hypertrophy [14], and at
the same time an increased of FGF-1 expression. Combined with supporting literature, we
interpret our results by the following: VEGFa is required at the initial stages of the
myogenic differentiation while FGF-1 acts as the main driving force for mature, functional,
myotube formation during muscle differentiation and repair.

Concerning the sustained decreased expression of FGF-2 upon incubation of muscle cells
with 1,25-D3; FGF-2 has been described as an inhibitor of skeletal muscle differentiation,
which operates by activating PDGF independent signaling pathways [43]. Furthermore, it
has also been proposed that FGF-2 could possibly play a role in the genesis of muscular
disorders since release of FGF-2 may be responsible for several of the abnormalities
associated with muscular dystrophy, including suppression of muscular skeletal
differentiation and excessive fibrosis. Certainly, the MDX mouse, which serves as a model
of Duchenne’s myopathy, displays extracellular FGF-2 surrounding myofibers compared
with normal mice [44]. In addition, plasma levels of FGF-2 are elevated in many muscular
dystrophy patients but are undetectable in control patients [45]. These previous reports
support our results that show the down-regulation of FGF-2 associated with 1,25-D3
incubation, not only would be beneficial in terms of myogenesis enhancement by 1,25-D3
but also could be a potential therapeutic option in the treatment of muscle disorders.

Moreover, muscle differentiation is characterized by a down regulation of IGF-I as well as
an up-regulation of IGF-II [46]. Since FGF-2 (bFGF) is a known skeletal muscle
differentiation inhibitor, Rosenthal et al. incubated BC3H-1 muscle cells with FGF-2 and
found an increase in IGF-I binding as well as a decrease in IGF-II [46]. These results
support our previous findings that 1,25-D3 reduced expression of FGF-2 and IGF-I while
simultaneously increasing the expression of IGF-II [14].

Finally, our data demonstrates that the incubation of muscle cells with 1,25-D3 decreases the
expression of TIMP-3, a factor that was previously described as a member of a family of
proteins that were classified according to their ability to inhibit matrix metalloproteinases
(MMP) [47, 48]. Subsequently, it was reported that TIMP-3 also functioned as a potent
angiogenic inhibitor due to its ability to block the binding of VEGF to KDR (also known as
VEGFR2 and FLK-1), thereby inhibiting the downstream signaling pathways necessary to
stimulate cell differentiation and angiogenesis [49]. This property appeared to be
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independent of its MMP-inhibitory activity [49]. This is consistent with our findings that
showed that TIMP-3 was down-regulated, while VEGFa is up-regulated at 24 hours and 4
days upon 1,25-D3 incubation. Moreover, since overexpression of TIMP-3 in satellite cells
of regenerating mouse hindlimb muscles and in differentiating C2C12 myoblasts blocks
myogenic gene expression and myotube formation [20], our data strongly indicate that the
decreased expression of TIMP-3 upon incubating C2C12 myoblasts with 1,25-D3 enhanced
the myogenic process in our skeletal muscle model. These results are in agreement with
Rahman et all, which demonstrated that 1,25-D3 modulates the expression of MMPs and
TIMPs (TIMP-1 and TIMP-3) in heart, suggesting that 1,25-D3 plays an important role in
extracellular matrix remodeling [50].

In summary, the data presented in this manuscript demonstrated that supplementation of
1,25-D3 to C2C12 myoblasts increased VEGFa and FGF-1; two well described pro-
angiogenic growth factors that promote neo-vascularization, tissue regeneration, and
myogenesis. In addition, 1,25-D3 supplementation simultaneously decreased FGF-2 and
TIMP-3 expression, two main angiogenic/myogenic inhibitors, which both have been
described to promote myogenic inhibition through FGF-2’s interaction with IGFs.

These results reinforce our previous findings in skeletal muscle cells and contribute to a
more comprehensive description of the mechanism by which 1,25-D3 promotes myogenesis
through the orchestration of angiogenesis growth factors and inhibitors. Further “in vivo”
studies need to de done, in order to demonstrate the biological significance for muscle
development and also show whether 1,25-D3 can directly stimulate angiogenesis. In
agreement with our results, expression of VDR has been shown in myoblasts cell lines G8
[8] and C2C12 [14, 25] and recently the expression of VDR and CYP27B1 was found in
regenerating skeletal muscle in vivo [25], suggesting a potential role for vitamin D3 in
skeletal muscle regeneration following injury.

Vitamin D deficiency has been linked to sarcopenia and frailty [51] and it is particularly
detrimental for patients with kidney disease who are unable to produce the active form [52].
Therefore, treatment of muscle disorders by administering vitamin D and/or vitamin D
analogues could potentially provide an easily administrable supplement to treat or prevent
muscle wasting and can also provide an alternative solution or adjuvant for therapies that
directly manipulate VEGF and FGF’s to promote angiogenesis, wound healing and muscle
regeneration.
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Summary

1,25(OH)2vitamin D3 promotes myogenesis by modulating several key angiogenic
growth factors and angiogenesis inhibitors; 1,25-D3 increases VEGFa, FGF-1 and
decreases FGF-2 and TIMP-3. This study provides a rationale for assessing vitamin D
replenishment in muscle wasting conditions.
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Highlights

• 1,25-D3 promotes myogenesis in C2C12 myoblast cells

• 1,25-D3 modulates key angiogenic growth factors and angiogenic inhibitors.

• Addition of 1,25-D3 to C2C12 myoblasts increases VEGFa and FGF-1
expression.

• 1,25-D3 decreases FGF-2 and TIMP-3: two myogenic and/or angiogenic
inhibitors.
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Figure 1. Angiogenesis expression is regulated by 1,25-D3 treatment
Protein extracts were incubated with a cocktail of biotinylated detection antibodies and then
incubated in a membrane array containing 53 different anti-angiogenesis antibodies, in
duplicates, followed by streptavin peroxidase and chemioluminescence. The densitometric
signal produced by each spot run in duplicate was proportional to the amount of
angiogenesis factors bound as determined by densitometry analysis. Panel A, left:
Representative membranes for Control and 1,25-D3 treatment for 24hs, right: densitometric
analysis. Panel B, left: Representative membranes for Control and 1,25-D3 treatment for 4
days, right: Densitometry analysis. Housekeeping genes (blue squares) and negative controls
(red squares) are included in each membrane array to compensate for background and
intensities differences. **p<0.01; ***p<0.001 with respect to control #p<0.05
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Figure 2. Steady state mRNA and protein up-regulation levels of FGF-1 expression upon
incubation of C2C12 cells with 1,25-D3
Cultures of C2C12 cells were incubated with or without 1,25-D3 (100nM) for 4 and 10 days.
Total RNA and whole protein extracts were isolated for qRT-PCR and western blots
respectively (A) Mean ± SEM corresponds to experiments done in triplicate, **p<0.01 and
***p<0.001 and western blots (B) and (C) Mean ± SEM corresponds to experiments done in
triplicate, *p<0.05 and ***p<0.001 at 4 and 10 days respectively. Control-1, Control-2, VD1
and VD2 are different pools of two samples each. In both cases real time PCRs and western
blots, samples and controls were normalized with GAPDH housekeeping gene.
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Figure 3. Steady state mRNA and protein up-regulation levels of VEGFa expression upon
incubation of C2C12 cells with 1,25-D3
Cultures of C2C12 cells were incubated with or without 1,25-D3 for 24hs and 4 days. Total
RNA and whole protein extracts were isolated for qRT-PCR and western blots respectively
(A) Mean ± SEM corresponds to experiments done in triplicate, **p<0.01 and ***p<0.001
and western blots (B) and (C) Mean ± SEM corresponds to experiments done in triplicate,
*p<0.05 and ***p<0.001 at 4 and 10 days respectively. Control-1, Control-2, Control (pool),
VD1 and VD2 are different pools of two samples each. In both cases real time PCRs and
western blots, samples and controls were normalized with GAPDH housekeeping gene.
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Figure 4. 1,25-D3 down-regulates the expression of FGF-2
Cultures of C2C12 cells were treated as in Fig 3 for 24hs and 4 days. Total RNA and whole
protein extracts were isolated for qRT-PCR and western blots respectively (A) Mean ± SEM
corresponds to experiments done in triplicate, **p<0.01 and western blots (B) and (C) Mean
± SEM corresponds to experiments done in triplicate, *p<0.05 and **p<0.01 at 24hs and 4
days respectively. Control-1, Control-2, VD1 and VD2 are different pools of two samples
each. In both cases real time PCRs and western blots, samples and controls were normalized
with GAPDH housekeeping gene.
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Figure 5. 1,25-D3 down-regulates the expression of TIMP-3
Cultures of C2C12 cells were treated as in Fig 3 for 24hs and 4 days. Total RNA and whole
protein extracts were isolated for qRT-PCR and western blots respectively (A) Mean ± SEM
corresponds to experiments done in triplicate, ***p<0.001 and western blots (B) and (C)
Mean ± SEM corresponds to experiments done in triplicate, *p<0.05 and **p<0.01 at 24hs
and 4 days respectively. Control-1, Control-2, VD1 and VD2 are different pools of two
samples each. In both cases real time PCRs and western blots, samples and controls were
normalized with GAPDH housekeeping gene.
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