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Abstract

The role of muscle contraction, prostanoids, nitric oxide and adenosine in the regulation of vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF) and endothelial cell proliferative compounds in skeletal muscle cell
cultures was examined. VEGF and bFGF mRNA, protein release as well as the proliferative effect of extracellular medium
was determined in non-stimulated and electro-stimulated rat and human skeletal muscle cells. In rat skeletal muscle cells
these aspects were also determined after treatment with inhibitors and/or donors of nitric oxide (NO), prostanoids and
adenosine. Electro-stimulation caused an elevation in the VEGF and bFGF mRNA levels of rat muscle cells by 33% and
43% (P < 0.05), respectively, and in human muscle cells VEGF mRNA was elevated by 24%. Medium from electro-
stimulated human, but not rat muscle cells induced a 126% higher (P < 0.05) endothelial cell proliferation than medium
from non-stimulated cells. Cyclooxygenase inhibition of rat muscle cells induced a 172% increase (P < 0.05) in VEGF
mRNA and a 104% increase in the basal VEGF release. Treatment with the NO donor SNAP (0.5 lM) decreased
(P < 0.05) VEGF and bFGF mRNA by 42 and 38%, respectively. Medium from SNAP treated muscle cells induced a 45%
lower (P < 0.05) proliferation of endothelial cells than control medium. Adenosine enhanced the basal VEGF release from
muscle cells by 75% compared to control. The present data demonstrate that contractile activity, NO, adenosine and
products of cyclooxygenase regulate the expression of VEGF and bFGF mRNA in skeletal muscle cells and that contractile
activity and NO regulate endothelial cell proliferative compounds in muscle extracellular fluid.

Introduction

Although it is well known that regular contractile activity
induces an increased capillarisation in skeletal muscle [1],
little is known about the regulation of angiogenesis in this
tissue. Angiogenesis in skeletalmuscle in response to exercise
has been attributed to increases in blood flow and accompa-
nying capillary shear stress and/or wall tension and due to the
contractile activity itself. All of these stimuli are likely to be
important, but very few studies have investigated the isolated
role of muscle contraction on growth factor expression and
release, and on endothelial cell proliferation.
Several growth factors may be involved in the angiogenic

process, including vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF). Both
have been shown to be important angiogenic factors in many
different kinds of tissues [2, 3]. Experiments in laboratory

animals show that muscle contraction induces an increase in
VEGF and bFGF mRNA in muscle tissue [4] and studies on
humans have shown increases in VEGF in the muscle
interstitial fluid during contraction [5], indicating that these
growth factors also may have a role in angiogenesis in the
skeletal muscle. However, as measurements of VEGF and
bFGF expression in most previous studies have been
performed in whole muscle homogenates containing several
cell types it is not clear in which cells alterations in levels of
VEGF and bFGF mRNA in response to muscle contraction
occur. Contracting muscle cells may be a source of VEGF
and/or bFGF in skeletal muscle and the release of these
growth factors can cause endothelial cell proliferation by
binding to their receptors which in the case of VEGF are
located exclusively on endothelial cells [6, 7]. The possibility
of muscle cells being an important source of endothelial
growth factors is supported by findings of Kanno et al. [8]
who reported a contraction-induced increase in the expression
of VEGF in the C2C12 muscle cell line. The muscle
contraction-induced regulation of VEGF and bFGF expres-
sion and protein release has however, not previously been
examined in rat or human primary skeletal muscle cells.
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Compounds formed in skeletal muscle [9–11] such as
PGI2 (prostacyclin), TXA2 (thromboxane A2), PF2a (Pros-
taglandin F2a), PE2 (Prostaglandin E2), nitric oxide (NO)
and adenosine have been shown to regulate angiogenesis
and/or the expression of VEGF and bFGF in various cells
and tissues [12–15]. However, findings in the literature
diverge with regard to whether these compounds up-regulate
or down-regulate VEGF and bFGF in different tissues, and
the role of these compounds in skeletal muscle capillary
growth remains unresolved. Prostacyclin has been shown
both to decrease [16] and increase [17] VEGF mRNA and
the same has been seen with prostaglandins [18, 19].
Inhibition of cyclooxygenase (COX), which prevents the
production of prostaglandins, prostacyclin and thromboxane
A2, was found to attenuate electrical stimulation-induced
capillary growth in rat skeletal muscle [20].
NO donors in rat skeletal muscle were shown to increase

VEGF mRNA, but not bFGF mRNA [21] whereas NOS
inhibition in human skeletal muscle has been found to have
no effect on either basal VEGF or bFGF mRNA expression
[22]. In vitro, NO inhibited a bFGF stimulated-endothelial
cell proliferation [23], but NO has also been shown to
increase angiogenesis [24].
An adenosine receptor agonist induced VEGF mRNA in

U-937 cells [25] and smooth muscle cells [26], however, the
role of adenosine in growth factor-mediated angiogenesis
has not been studied in skeletal muscle.
The purpose of the present study was to elucidate (a) the

role of muscle contraction, NO, prostanoids and adenosine
on the expression and release of VEGF and bFGF in skeletal
muscle cells in culture and (b) the effect of extracellular
medium from skeletal muscle cells on endothelial cell
proliferation. Primary skeletal muscle cell cultures obtained
from rat tissue were used as the primary experimental
model, however, the effect of muscle contraction on VEGF
and bFGF expression and on endothelial cell proliferation
was also examined with primary human skeletal muscle
cells. Endothelial cell proliferation was assessed using
human umbilical vein endothelial cells (HUVECs).

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), foetal calf
serum (FCS), horse serum (HS), Dulbecco’s phosphate
buffered saline (DPBS), matrigel, penstrep (penicillin
[10,000 U/ml], streptomycin [10,000 U/ml]), trypsin and
culture dishes were all from Life Technologies. Human
Umbilical Vein Endothelial Cells (HUVECs) in the primary
culture stage and medium 200 with Low Serum Growth
Supplement (LSGS) containing foetal bovine serum, fibro-
blast growth factor, heparin and epidermal growth factor
(Cascade Biologics Inc, Portland, Oregon) were obtained
from Cytotech (Denmark). Collagenase (type II), DNase,
trypsin/EDTA solution, glucose, indomethacin (an inhibitor
of cyclooxygenase), NG-nitro-L-arginine (L-NA) (inhibitor
of nitric oxide synthase (NOS)), S-nitroso-N-acetyl-D,

L-penicillamine (SNAP) (an NO analog), a,b-methylene-
adenosine 50-diphosphate (AOPCP) (an inhibitor of ecto 50-
nucleotidase), adenosine, thromboxane B2 (TXB) (Throm-
boxane A2 metabolite), prostaglandin F2a (PF2a) and
prostaglandin E2 (PE2) were all products from Sigma,
Missouri. Ilomedin (iloprost) (prostacyclin (PGI2) donor)
was from Noerrebro Pharmacy, Denmark. TriReagent from
the Molecular Research Center (Ohio).

Primary skeletal muscle cell cultures

In each experiment, one Wistar male rat (M&B, Denmark)
weighing 100 g was anaesthetised with 0.1 ml sodium
pentobarbital (50 mg/ml). Carefully the muscle fascia was
removed and soleus, gastrocnemius and quadriceps femoris
were removed and placed on ice in DPBS (Gibco, Grand
Island, New York) with 1% glucose. The muscle tissue was
minced into small pieces with scissors and then digested with
0.2% collagenase II in DMEM (Gibco) containing 1%
penstrep, for 1.5 h at 37 �Cwith rotation. After centrifugation
at 200 · g for 15 min pellet was incubated with rotation in a
solution of 0.2% collagenase, 0.01% DNAse and 0.25%
trypsin in DMEM containing 1% penstrep for 30 min at
37 �C. The cells were suspended in primary growth medium
(PGM) (DMEM supplemented with 1% penstrep, HS (10%)
and FCS (10%), Gibco), counted and seeded out onto 35 mm
dishes (Nunc, Denmark) coated with 1% matrigel and
incubated at 8% CO2 and 37 �C. After 4 days PGM was
changed to primary fusion medium (FM) (DMEM supple-
mented with L-glutamine [2 mM] and HS (10%)) and after
two additional days the primary skeletal muscle cells were
ready for experiments. All treatment of animals compliedwith
the European Convention for the Protection of Vertebrate
Animals Used for Experimental or other Scientific Purposes
(Council of Europe No. 123, Strasbourg, France, 1985).

Isolation and growth of satellite cells from human skeletal
muscle

Two biopsies of approximately 100 mg each were obtained
from the middle portion of the vastus lateralis muscle using
the percutaneous needle biopsy technique with suction [27].
The subjects were healthy men between 19 and 24 years
who were given information of the experimental procedure
and the potential risks. The subjects gave their informed
consent prior to participation in the experiment. The study
conformed with the guidelines laid down in the Declaration
of Helsinki and was approved by the Ethical Committee of
Copenhagen and Frederiksberg, Denmark.
Muscle tissue was minced and then enzymatically

dissociated for 45 min by three successive treatments with
collagenase, trypsin and DNase in DPBS with 1% glucose.
Cells were dissolved in growth medium (DMEM supple-
mented with 2% FCS (vol/vol) and pen/strep), filtered
through a 70 lM steril filter and seeded out on 100 mm
gelatin coated cell dishes. After 1 and 3 days of incubation
at 37 �C and 8% CO2/92% air, the medium was replaced
and on day 4, the medium was changed to growth medium
without pen/strep. Approximately 8 days after seeding out,
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the cells were subcultured just prior to reaching confluence
and grown on 35 mm matrigel coated cell dishes. Approx-
imately 4 days after sub-culturing the cells had fused and
were used for experiments.

Electrical stimulations of rat muscle cells

Before the experiments, the cell medium was changed to
serum free medium (SFM)(DMEM with 0.1% BSA) and the
cells were incubated for 12 h. Muscle cell cultures were
electrically stimulated according to previously described
procedures [28]. In brief, the cells were stimulated in an
incubator for 2 h at 2 V and a frequency of 50 Hz. The
stimuli consisted of 0.5 s trains with 0.5 s pauses between the
trains and 1 ms pulse width. At 0, 10 and 24 h after
stimulation, cell medium was collected and cells were lysed
by TRI reagent prior to collection. All samples were stored at
)80 �C.

Experiments with prostanoids, NO and adenosine

Before the experiments, the cell mediumwas changed to SFM
and the cells were incubated for 12 h. In one set of
experiments, SFM containing the various pharmacological
compounds was added to rat muscle cells and the cells were
incubated in thismedium for 24 or 48 h. In other experiments,
extracellular medium from muscle cells that had been
incubated with the pharmacological compounds was trans-
ferred to endothelial cells for determination of proliferative
effect. The skeletal muscle cells were lysed with TRI reagent
and samples were stored at )80 �C until further analysis.
To investigate the effect of prostanoids, indomethacin (an

inhibitor of cyclooxygenase) was used at a concentration of
0.3 mM, iloprost (a prostacyclin analog) at 0.29 mM,
thromboxane B2 (TXB) (Thromboxane A2 metabolite) at
1 lM, prostaglandin F2a (PF2a) at 1 lM and prostaglandin
E2 (PE2) at 1 lM in the medium. The nitric oxide synthase
(NOS) inhibitor, NG-nitro-L-arginine (L-NA), was used at a
concentration of 1 mM and the NO donor SNAP, at 0.5 lM.
Adenosine formation was inhibited with 50 lM AOPCP
and adenosine was added at a concentration of 0.2 mM.
Inhibitors and donors were incubated separately with the
muscle cells, and in other experiments inhibitors were
incubated in combination with a donor in order to verify if
these donors were involved in a possible inhibitor-induced
effect. Because ethanol was used as a solvent for indometh-
acin, TXB, PF2a, PE2 and SNAP, controls with the same
amount of ethanol (11 ll/ml SFM) were performed in each

experiment. When compared to control cells, incubation of
cells with ethanol was without effect (P > 0.05) on the
parameters measured in the muscle and endothelial cells.

Measurement of endothelial cell proliferation

HUVECs were cultured on 0.1% gelatin-coated 35 mm
plastic dishes in medium 200. Endothelial cells were
identified morphologically under microscope by their for-
mation of confluent monolayers having a cobblestone shape.
HUVEC cultures reached 80% confluence in 5–6 days and
were subcultured by using a trypsin/EDTA solution. HU-
VECs supplemented in medium 200 were grown in 96-well
plates for 24 h before replacing the medium with medium
from muscle cells, SFM (control medium) and medium 200
(positive control). After an additional 24 h of incubation,
bromodeoxyuridine (BrdU) was added and incubated for
12 h. Incorporation of BrdU into the DNA was then
detected by an immunoassay (Roche, Mannheim, Germany)
according to the protocol of manufacturer. The positive
control induced in all experiments the highest level of
proliferation indicating that endothelial cell growth was not
restricted by contact inhibition when measuring the prolif-
erative effect of cell culture medium.

Measurement of VEGF and bFGF mRNA

Northern blot analysis was carried out to determine the level
of VEGF and bFGF mRNA in the muscle cells. Total RNA
was extracted essentially as described by Chomczynski and
Sacchi [81]. Shortly, phases were separated by bromo-
chloropropane, RNA precipitated by isopropanol and, after
wash with 75% ethanol, the RNA was solubilised in water.
These RNA preparations were quantitated by absorbance at
260 nm. One microgram of RNA was separated on a
denaturing formaldehyde agarose gel and transferred by
northern blotting to a positively charged nylon membrane
(Appligene, France). After transfer, the blots were probed
with [a-32P] dATP cDNA probes. The probes were 251 bp
human VEGF, 378 bp human bFGF, 272 bp rat VEGF and
317 bp rat bFGF PCR products, respectively, cloned by
blunt-end cloning into the SmaI site of the pBlueScriptII
SK(+) vector [29]. Primer sequences are shown in Table 1.
Hybridisation was performed as described by Higginson
et al. [30]. Blots were exposed on a phosphor screen and
quantitated using a Molecular Imager FX (Bio-Rad, Den-
mark) to measure the mRNA levels. Each blot was subse-
quently reprobed (after prior probes were removed) with a

Table 1. Primers used for northern blot.

Target mRNA Sequence (50 to 30) Product size Plasmid ID

Human VEGF sense GGGCCTCCGAAACCATGAAC
Human VEGF antisense GGGCACACAGGATGGCTTGA 251 bp pCM190
Human bFGF sense ATTGCATCTGCTGTTACCCA
Human bFGF antisense TGCTAGGCTGCTGCTGTATG 378 bp pCM194
Rat VEGF sense CTTTCTGCTCTCTTGGGTGC
Rat VEGF antisense ACTCCAGGGCTTCATCATTG 272 bp pCM196
Rat bFGF sense AAGGATCCCAAGCGGCTCTA
Rat bFGF antisense TGCCCAGTTCGTTTCAGTGC 317 bp pCM198
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probe specific for glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH), and this signal was used to normalise the
target. The amount of GAPDHmRNA,measured by obtained
counts, in muscle cells obtained at different time points after
electro-stimulation showed no significant dependence on
time or electrical stimulation (P > 0.05; data not shown).
GAPDH mRNA levels were not altered (P > 0.05) by
prostanoid, NO or adenosine donors or inhibitors in the
muscle cells. The above results confirmed that the GAPDH
mRNA level is sufficiently constitutive to be used as an
internal control under these conditions.

Measurement of VEGF and bFGF protein in extracellular
medium

Medium collected from muscle cells was centrifuged at
3700 · g and the supernatant was analysed for VEGF or
bFGF protein by the appropriate (human or mouse/rat)
Quantikine ELISA kits (R&D System) according to the
protocol of manufacturer.

Stability of mRNA

In one cell experiment, transcription was inhibited by
addition of Actinomycin-D at a concentration of 5.3 lM.
Actinomycin-D was added 24 h after electrical stimulation
or indomethacin treatment and incubated for 0, 2, 4 or 6 h to
evaluate the stability of VEGF and bFGF mRNA. Half-lives
of mRNA were calculated by drawing the best-fit linear
curve on a log-linear plot of percentage of mRNA remaining
vs. time in actinomycin-D-treated cells.

Statistical analyses

Before the statistical analysis were performed, all data were
logarithmic transformed to obtain normal distribution of
data. Data from electro-stimulated and non-stimulated
control muscle cells were expressed as fold change relative
to the corresponding control 0 h sample, which was set to 1.
Two-way ANOVA was used to evaluate effect of time and
electrical stimulation. Values from cells treated with inhib-
itors were expressed as fold change relative to control (SFM
treated cells) values, which was set to 1. Effect of inhibitors
on the muscle cells was determined by a one-way ANOVA.
When significant changes were found, a Student–Newman–
Keuls method for multiple comparisons was used to locate
differences. A value of P < 0.05 was accepted as statisti-
cally significant.

Results

Regulation of VEGF and bFGF mRNA and protein in rat
skeletal muscle

Effect of electro-stimulation on VEGF and bFGF mRNA
and protein in rat skeletal muscle cells
VEGF mRNA and protein. VEGF mRNA levels were 33%
higher (P < 0.05) at 24 h than at 0 h after electro-stimulation
and the level at 24 h was higher (P < 0.05) in electro-

stimulated cells than in non-stimulated cells (Figure 1a).
More than one band was observed (approximately 4.4, 3.7
and 1.7 kb determined by comparing to position of 28S and
18S ribosomal RNA) most likely corresponding to the
VEGF188, VEGF164 and VEGF120 splice variants [31, 32].
Quantification was performed on bands with the highest

Figure 1. Effect of time and electro-stimulation on VEGF and bFGF
mRNA and extracellular VEGF protein in rat skeletal muscle cells. 0, 10 or
24 h after 2 h of either non-stimulation (white bars) or electro-stimulation
(grey) primary rat skeletal muscle cells were collected (n¼ 27, 6 and 30,
from 9, 3 and 9 independent experiments, respectively). Cells were
analysed for content of (a) VEGF mRNA (b) VEGF protein in medium or
(c) bFGF mRNA. Values are relative to non-stimulated at 0 h. Insert:
representative bands of VEGF and bFGF mRNA and GAPDH obtained by
northern blot. *P < 0.05 vs 0 h, #P < 0.05 non-stimulated vs stimulated.
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intensity (VEGF188 and VEGF164) and only these are shown
in the remaining figures. Changes in intensity were equally
distributed between splice variants.
The VEGF protein content in the different experiments

ranged from 100 to 3500 pg/ml, with the highest values
(P < 0.05) observed at 24 h after stimulation or control
period. The concentration of VEGF protein in medium
obtained from electro-stimulated muscle cells was not
different (P > 0.05) from that in medium from control cells
at any time point (0, 10 or 24 h) after stimulation or control
period (Figure 1b).

bFGF mRNA and protein. bFGF mRNA content was 43%
higher (P < 0.05) in electro-stimulated cells than in control
cells at 0 h after stimulation with no differences (P > 0.05)
after 10 or 24 h (Figure 1c).
The concentration of bFGF protein in medium from

muscle cells was below the level of detection (�10 pg/ml)
of the assay. This was observed for bFGF measurements
under all conditions.

Effect of indomethacin and prostanoid donors on VEGF and
bFGF mRNA and protein in rat skeletal muscle cells

VEGF mRNA and protein. Incubation of muscle cells with
indomethacin resulted in 170% higher (P < 0.05) VEGF
mRNA levels than in control cells (Figure 2). Addition of
iloprost in combination with indomethacin resulted in a
similar (P > 0.05) VEGF mRNA level as with indomethacin
alone. Addition of either PF2a, PE2 or TXB in combination
with indomethacin did not alter (P > 0.05) the VEGF
mRNA levels from that of control (Figure 2a). Incubation
with iloprost, TXB, PF2a, or PE2 alone did not have an effect
on VEGF mRNA levels (Table 2).
The concentration of VEGF protein in the muscle

extracellular medium was 104% and 99% higher
(P < 0.05) after incubation with indomethacin or indometh-
acin in combination with iloprost, respectively (Figure 2b).
The VEGF protein concentration was not altered with
simultaneous addition of indomethacin and either PF2a, PE2

or TXB (P > 0.05) (Figure 2b). Incubation with iloprost,
PF2a, PE2 or TXB alone induced no alterations in VEGF
release (Table 2).

bFGF mRNA. Muscle cells treated with indomethacin
showed a non-significant change of 17% in bFGF mRNA
compared to untreated cells. Also, bFGF mRNA content did
not differ (P > 0.05) between control cells and muscle cells
treated with either iloprost, PF2a, PE2 or TXB (Table 2).

Effect of L-NA and SNAP on VEGF and bFGF mRNA and
protein in rat skeletal muscle cells

VEGF mRNA and protein. Addition of L-NA to muscle
cells did not affect the VEGF mRNA content (P > 0.05)
whereas addition of the NO donor SNAP resulted in a 42%
lower (P < 0.05) amount of VEGF mRNA compared to
control muscle cells (Figure 3a).

The VEGF protein concentration in the extracellular
medium from muscle cells was not altered (P > 0.05) by
incubation of the cells with either L-NA or SNAP
(Table 3).

bFGF mRNA. No differences in bFGF mRNA levels
(P > 0.05) were observed in skeletal muscle cells by
incubation with L-NA (Figure 3b). Addition of SNAP to
the muscle cells caused a 38% lower (P < 0.05) amount of
bFGF mRNA compared to control muscle cells (Figure 3b).

Effect of AOPCP and adenosine on VEGF and bFGF mRNA
and protein in rat skeletal muscle cells

VEGF mRNA and protein. Addition of either AOPCP or
adenosine to skeletal muscle cells did not affect VEGF

Figure 2. Effect of indomethacin and prostanoid donors on VEGF mRNA
and extracellular VEGF protein in skeletal muscle cells. Primary muscle
cells were incubated for 24 h with serum free medium (SFM; n¼ 52) or
with 0.3 mM indomethacin (an inhibitor of cyclooxygenase) (Indo; n¼ 52)
to examine the effect of prostanoids. To verify if some important
prostanoids were involved in the inhibitor-induced effect, donors were
incubated in combination with indomethacin; 0.3 mM indometha-
cin + 0.29 mM iloprost (Indo + ilo; n¼ 13), 0.3 mM indometha-
cin + 1 lM Thromboxane B2 (Indo + TXB; n¼ 9), 0.3 mM
indomethacin + 1 lM Prostaglandin F2a (Indo + PF; n¼ 5) or 0.3 mM
indomethacin + 1 lM Prostaglandin E2 (Indo + PE; n¼ 5). Cells were
analysed for (a) VEGF mRNA and (b) VEGF protein in surrounding
medium. Values are relative to SFM. Insert: representative bands of VEGF
and GAPDH mRNA obtained by Northern blot. Results are obtained from
two (Indo + PF and Indo + PE), three (Indo + TXB), four (Indo + Ilo) or
eight (SFM and Indo) independent experiments. *P < 0.05 vs SFM.
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mRNA levels. Addition of adenosine lead to a 75% increase
in extracellular VEGF (P < 0.05) whereas AOPCP did not
alter the VEGF protein levels (Figure 4).

bFGF mRNA. bFGF mRNA levels were unaffected by
incubation with either AOPCP or with adenosine compared
to control (Table 4).

Figure 3. Effect of L-NA or SNAP on VEGF and bFGF mRNA in rat
skeletal muscle cells. Primary muscle cells were incubated for 24 h with
serum free medium (SFM; n¼ 18), 1 mM NG-nitro-L-arginine (L-NA;
n¼ 18) or 0.5 lM S-nitroso-N-acetyl-D , L-penicillamine (SNAP; n¼ 9)
and cells analysed for (a) VEGF mRNA and (b) bFGF mRNA. Values are
relative to SFM. Results are obtained from three (SNAP) or five (SFM and
L-NA) independent experiments. *P < 0.05 vs SFM.

Table 2. Effect prostanoids on VEGF and bFGF mRNA and protein in rat
skeletal muscle cells.

Treatment Measurement Relative to
control (=100)

SE+ and SE) n

Iloprost VEGF mRNA 136 7–7 13
VEGF protein 182 20–18 14
bFGF mRNA 106 14–12 14

TXB VEGF mRNA 88 14–12 9
VEGF protein 151 25–22 14
bFGF mRNA 123 27–22 13

PF VEGF mRNA 101 17–15 5
VEGF protein 85 16–13 10
bFGF mRNA 127 9–8 5

PE VEGF mRNA 107 15–13 5
VEGF protein 143 4–4 6
bFGF mRNA 94 15–13 5

Incubation of rat skeletal muscle cells with donors of prostanoids (iloprost,
TXB, PF or PE) induced no changes in VEGF or bFGF mRNA levels or in
release of VEGF protein. Indomethacin incubation induced no change in
bFGF mRNA content. Values are geometric means. All interventions are
non-significant. These data are not presented in figures.

Table 4. Effect of AOPCP and adenosine on VEGF and bFGF mRNA in
rat skeletal muscle cells.

Treatment Measurement Relative to
control (=100)

SE+ and SE) n

AOPCP VEGF mRNA 101 14–13 15
bFGF mRNA 78 7–6 16

Adenosine VEGF mRNA 81 5–5 2
bFGF mRNA 77 2–2 3

Incubation of rat skeletal muscle cells with an inhibitor of adenosine
formation, AOPCP or with adenosine, induced no changes in VEGF or
bFGF mRNA content. Values are geometric means. All interventions are
non-significant. These data are not presented in figures.

Table 3. Effect of L-NA and SNAP on VEGF and bFGF protein in
primary rat skeletal muscle cells.

Treatment Measurement Relative to
control (=100)

SE+ and SE) n

L-NA VEGF protein 90 10–9 14

SNAP VEGF protein 122 18–16 13

Incubation of rat skeletal muscle cells with the NO inhibitor, L -NA or the
NO donor, SNAP, induced no changes in the release of VEGF protein.
Values are geometric means. All interventions are non-significant. These
data are not presented in figures.

Figure 4. Effect of AOPCP and adenosine on extracellular VEGF
protein in rat skeletal muscle cells. Primary muscle cells were incubated
for 24 h with serum free medium (SFM; n¼ 10), 50 lM AOPCP (an
inhibitor of ecto 50-nucleotidase; n¼ 10) or 0.2 mM adenosine (n¼ 4).
Medium was analysed for VEGF protein content. Values are relative to
SFM. Results are obtained from two independent experiments. *P < 0.05
vs SFM.
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Endothelial cell proliferation

Effect of medium from electro-stimulated rat skeletal muscle
cells on endothelial cell proliferation
Incubation of endothelial cells with medium from electro-
stimulated muscle cells did not induce a greater cell
proliferation relative to medium from non-stimulated muscle
cells at any time-point (Table 5).

Effect of medium from indomethacin and prostanoid treated
skeletal muscle cells on endothelial cell proliferation
No differences (P > 0.05) in endothelial cell proliferation
were observed using medium from muscle cells that had
been treated with indomethacin or with prostanoid donors in
combination with indomethacin (Table 6).

Effect of medium from L-NA and SNAP-treated rat muscle
cells on endothelial cell proliferation
Endothelial cell proliferation was not affected (P > 0.05) by
medium from muscle cells treated with L-NA, but was
decreased by 45% (P < 0.05) when using medium from
muscle cells treated with SNAP (Figure 5).

Effect of medium from AOPCP and adenosine-treated rat
muscle cells on endothelial cell proliferation
Medium from muscle cells incubated with AOPCP had no
effect (P > 0.05) on endothelial cell proliferation whereas
medium from muscle cells that had been incubated with
adenosine enhanced the proliferative effect by 23%
(P < 0.05) compared to medium from control muscle
(Figure 5).

Regulation of VEGF and bFGF in human skeletal muscle
cells

Effect of electro-stimulation on VEGF and bFGF in human
skeletal muscle cells
VEGF mRNA and protein. A significant interaction
(P < 0.05) between time and stimulation was found and
VEGF mRNA content in electro-stimulated human muscle
cells was higher at 24 h than at 0 hour after the stimulation
(P < 0.05). At 24 h after electro-stimulation VEGF mRNA
levels in the muscle cells were 24% higher (P < 0.05) than
in non-stimulated cells (Figure 6a).
Electro-stimulation of human muscle cells did not induce

a greater concentration of extracellular VEGF release than
that of non-stimulated control cells at any time point
(P > 0.05). Incubation for 24 h elicited a 4-fold increase in
the VEGF release (P < 0.05) (Figure 6b).

bFGF mRNA. Electro-stimulation of human muscle cells
did not alter (P > 0.05) the level of bFGF mRNA content.
bFGF mRNA content was 40% higher at the 24 h time point
than at 0 h both for non-stimulated and electrostimulated
cells (Figure 6c).

Effect of medium from electro-stimulated human muscle
cells on endothelial cell proliferation
Medium from stimulated human muscle cells induced an
increase (P < 0.05) in endothelial cell proliferation com-
pared to medium from control cells. The proliferation was
not dependent on incubation time of medium with muscle
cells (Figure 6d).

Effect of actinomycin-D on mRNA levels
The half-life for VEGF mRNA after actinomycin-D treat-
ment was 3.92, 3.25 and 3.8 h for control, electro-

Figure 5. Effect of treatment of rat skeletal muscle cells with L-NA, SNAP,
AOPCP or adenosine on the endothelial cell proliferative effect of muscle
extracellular medium. Endothelial cell proliferation was measured after
addition of medium from muscle cells incubated with serum free medium
(SFM; n¼ 18), 1 mM NG-nitro-L-arginine (L-NA; n¼ 14), 0.5 lM S-
nitroso-N-acetyl-D , L-penicillamine (SNAP; n¼ 13), 50 lM AOPCP (an
inhibitor of ecto 50-nucleotidase; n¼ 18) or 0.2 mM adenosine (n¼ 4).
Values are relative to SFM. Results are obtained from two (AOPCP and
adenosine) or four (SFM, L-NA and SNAP) independent experiments.
*P < 0.05 vs SFM.

Table 5. Effect of extracellular medium from non-stimulated and electro-
stimulated rat skeletal muscle cells on endothelial cell proliferation.

Treatment Measurement Relative to
control (=100)

SE+ and SE) n

Non-stim 10 h EC proliferation 92 8–7 2
Non-stim 24 h EC proliferation 104 10–9 12
Stim 0 h EC proliferation 99 10–9 12
Stim 10 h EC proliferation 93 3–3 2
Stim 24 h EC proliferation 80 8–7 12

Medium obtained at 0 or 24 h after electro-stimulation or non-stimulation
of rat skeletal muscle cells induced no changes in endothelial cell
proliferation. Values are geometric means. All interventions are non-
significant. These data are not presented in figures.

Table 6. Effect of extracellular medium from skeletal muscle cells treated
with cyclooxygenase inhibitor and prostanoids on endothelial cell
proliferation.

Treatment Measurement Relative to
control (=100)

SE+ and
SE)

n

Indomethacin EC proliferation 67 9–8 14
Indo + iloprost EC proliferation 81 8–7 14
Indo + TXB EC proliferation 82 12–10 14
Indo + PF EC proliferation 76 5–5 6
Indo + PE EC proliferation 83 3–3 5

Medium obtained from rat skeletal muscle cells that have been incubated
with indomethacin alone or in combination with prostanoids donors
(iloprost, TXB, PF or PE) showed no changes in endothelial cell
proliferation. Values are geometric means. All interventions are non-
significant. These data are not presented in figures.
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stimulated and indomethacin-treated muscle cells, respec-
tively (Figure 7a).
The half-life of bFGF mRNA after actinomycin-D

treatment was 4.75, 4.45 and 5.4 h for control, electro-
stimulated and indomethacin-treated muscle cells, respec-
tively (Figure 7b).

Discussion

The results of the present study show that electro-stimulation
of skeletal muscle cells induces an increase in VEGF and
bFGF mRNA content whereas exogenous NO reduces the
VEGF and bFGF mRNA level. Cyclooxygenase
inhibition of skeletal muscle cells leads to an increased
VEGF mRNA level and an enhanced extracellular VEGF
protein concentration, effects that are absent after simulta-
neous addition of PF2a, PE2 and TXB2. Electro-stimulation
of human, but not rat, skeletal muscle cells leads to a higher
proliferative effect of the extracellular medium on endothe-
lial cells than medium from non-stimulated muscle cells. The
endothelial cell proliferative effect of rat skeletal muscle cell
extracellular medium was higher after treatment of the
muscle cells with adenosine and lower after treatment with
an NO donor. Thus, contractile activity, prostanoids and NO
appear to be involved in the regulation of angiogenic
compounds, including VEGF, produced by skeletal muscle.

Muscle contraction

VEGF and bFGF mRNA have, by in situ hybridisation and
histochemical techniques been shown to be present in the

cytosol and sarcolemma of human skeletal muscle tissue
[33, 34]. Studies on cells in culture have, similarly shown
VEGF mRNA to be present in the C2C12 muscle cell line,
whereas bFGF mRNA has in one previous study been
shown to be present [35] and in one study been shown to be
absent [36] in rat primary skeletal muscle cell cultures. The
present study shows presence of VEGF and bFGF in both
human and rat primary skeletal muscle cell cultures and
suggests that both growth factors indeed are expressed in
skeletal muscle cells.
Studies performed in vivo have shown that one bout of

exercise [37–40] induces an increase in VEGF mRNA in
homogenates of both rat and human skeletal muscle cells.
The results of the present study of an increase in VEGF
mRNA in both rat and human primary skeletal muscle cells
suggest that the observed increase in VEGF mRNA in
homogenates, at least in part, is due to increases occurring in
the skeletal muscle cells. The increase in VEGF mRNA
levels in the muscle cells observed in the present study was
of a somewhat slower time-course than observed in vivo.
VEGF mRNA content in muscle tissue in vivo has been
shown to increase immediately or shortly after an exercise
bout [41–44] and return to basal levels 24 h after the
stimulation [45]. In the present study, as well as in a
previous study examining the murine muscle cell line
C2C12 [46], VEGF mRNA in the muscle cell cultures was
significantly increased first at 22–24 h after electro-stimu-
lation.
The VEGF protein concentration in the extracellular

medium increased from 0 to 24 h in the non-stimulated
muscle cell cultures suggesting that there is a basal release

Figure 6. Effect of time and electro-stimulation of human skeletal muscle cells on VEGF and bFGF expression, VEGF extracellular protein and endothelial
cell proliferation. Non-stimulated (white bars) or electrically stimulated (grey bars) primary human skeletal muscle cells were after 0 or 24 h after treatment
analysed for (a) VEGF mRNA (b) VEGF protein in medium, (c) bFGF mRNA or (d) the effect of medium on endothelial cell proliferation. Values are
relative to non-stimulated cells at 0 h. Insert: representative bands of VEGF and bFGF mRNA and GAPDH obtained by northern blot. n¼ 3 in 0 hour and
n¼ 6 in 24 h condition. Results are obtained from one experiment. *P < 0.05 vs 0 h, #P < 0.05 non-stimulated vs stimulated.
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of VEGF from muscle cells. This is probably the result of a
basal release of VEGF from the muscle cells, and it may be
hypothesised that this basal release from muscle cells is
involved in the maintenance of capillarisation in the muscle
tissue. A direct relationship between the extracellular VEGF
protein concentration and the VEGF mRNA level was not
evident as despite the 33% higher level of VEGF mRNA in
the electro-stimulated cells, the release of VEGF protein was
similar to that released from the non-stimulated control
cells. It cannot be excluded, however, that the assessment
period of VEGF protein within 24 h of electro-stimulation
was insufficient considering that the increase in VEGF
mRNAwas significant first at 24 h after electro-stimulation.
In the present study, electro-stimulation of muscle cells

lead to an increase in bFGF mRNA levels in the rat muscle
cells but not in the human muscle cells. This observation is
in congruence with in vivo observations of an exercise-
induced increase in bFGF mRNA content in rat [47] but not
in human [48, 49]. The increase in bFGF mRNA was
observed immediately after electro-stimulation of the rat
muscle cells which is a similar time course to that previously
reported for rat skeletal muscle showing an increase in 0 h
after 1 h of treadmill running [50]. This observation
suggests that, at least in rat, skeletal muscle cells are not
only a potential source of VEGF but also of bFGF.

Prostanoids

We investigated the regulatory role of prostanoids for VEGF
and bFGF in skeletal muscle. A 170% increase in VEGF
mRNA in muscle cells was observed after inhibition of
COX by indomethacin incubation. The increased VEGF
mRNA levels in the indomethacin-treated muscle cells was
paralleled by an enhanced release of VEGF protein from the
muscle cells as evidenced by an approximate 100% increase
in extracellular VEGF protein concentration compared to
control cells. To our knowledge, the effect of COX
inhibition on VEGF and bFGF expression in muscle cell
cultures has not previously been investigated, however an in
vivo study showed a decrease in VEGF and bFGF mRNA in
whole homogenates of rat skeletal muscle after arterial
infusion of PGI2 [51]. Combined, these studies suggest that
prostanoids restrict the level of VEGF mRNA in skeletal
muscle cells. The importance of prostanoids in the regula-
tion of VEGF expression was investigated by a combined
addition of indomethacin and donors of prostanoids (ilo-
prost, TXB, PF2a, PE2), all of which have previously been
shown to have an effect on angiogenesis and/or growth
factor expression [52–59]. Addition of indomethacin in
combination with either TXB, PF2a or PE2, but not iloprost,
to muscle cells did not induce an increase in VEGF mRNA
or VEGF extracellular concentration as observed with
indomethacin alone. These results indicate that prostaglan-
dins and TXA2 all have an inhibitory effect on VEGF
mRNA expression and VEGF protein levels in muscle cells
whereas prostacyclin does not appear to be involved. The
addition of any of the prostanoids without indomethacin did
not affect basal VEGF mRNA expression or VEGF release
in the muscle cells. Based on these observations it could
thus be speculated that prostanoids are involved in the
regulation of a stimuli-induced increase in VEGF mRNA
levels but not in the maintenance of basal VEGF mRNA
levels. Alternatively, the results may imply that the basal
production of prostanoids is sufficient to inhibit VEGF
mRNA and that addition of extra prostanoids does not cause
further inhibition.
The specificity of indomethacin in the present study was

verified by measurements of PGI2 release from the skeletal
muscle cells where incubation of skeletal muscle cells with
indomethacin was found to reduce the contraction-induced
release by 67%. The specificity of indomethacin was
furthermore verified by the reversal of the indomethacin-
induced increase in VEGF mRNA expression and VEGF
release, by addition of TXB, PE2 or PF2a.

Nitric oxide

NO has been reported to be involved in the regulation of
VEGF and bFGF mRNA [60, 61] and studies have shown
that NO is formed in cultured rat skeletal muscle cells [62].
However, when muscle cells were incubated with the NOS
inhibitor, L-NA, in the present study, no effect on either
VEGF or bFGF mRNA content or VEGF release was
observed. These results are in accordance with findings in
rat muscle in vivo where NOS inhibition was found not to

Figure 7. Effect of actinomycin-D on mRNA levels in skeletal muscle.
Primary skeletal muscle cells were incubated for 0, 2, 4 or 6 h with 5.3 lM
actinomycin-D and cells were analysed for (a) VEGF mRNA and (b) bFGF
mRNA. The average of the 0 h value was set to 100 and individual values
were plotted relative to this value. n¼ 3. Results are obtained from one
experiment.
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affect either basal VEGF or bFGF mRNA expression [63].
The efficacy of L-NA in muscle cell-cultures has previously
been verified in our laboratory where NO formation in non-
stimulated as well as electro-stimulated rat primary skeletal
muscle cells was shown to be eliminated by addition of L-
NA at a concentration lower than that used in the present
study (0.3 vs 1 mM) [64].
Addition of exogenous NO via the donor SNAP did,

however, decrease the content of both VEGF and bFGF
mRNA. This is somewhat in contrast with findings in an in
vivo study from Benoit et al. [65] showing an increase in
VEGF mRNA and no effect on bFGF mRNA, in rat muscle
homogenate after arterial infusion of the NO donor nitro-
prusside. The discrepancy suggests that either NO acts in
concert with other factors in vivo or the effect of NO in vivo
is mediated via another cell-type, e.g. endothelial cells.
Nevertheless, our results show that the isolated effect of
exogenous NO on skeletal muscle cells is in lowering VEGF
mRNA. It is unlikely that the decreased growth factor
mRNA level and growth inhibitory effect of NO (SNAP)
were due to cytotoxicity since the amount of total RNAwas
not affected by SNAP incubation (results not shown).
Furthermore a study by RayChaudhury et al. [66] showed
that the effect of SNAP (200 lM) on bovine arterial
endothelial cells was reversible upon removal and further-
more, SNAP did not reduce the number of cells.

Adenosine

In the present study, incubation of muscle cells with
adenosine elicited an increased release of VEGF. On the
other hand, no effect of inhibition of adenosine formation
was observed on VEGF or bFGF mRNA expression or
VEGF release in muscle cell cultures. The observation
suggests that the release of VEGF protein from the muscle
cells may be regulated by adenosine. The role of adenosine
for VEGF and bFGF expression has not previously been
examined in skeletal muscle cell cultures, however, an
in vivo study showed that infusion of adenosine in rats had
no effect on the expression of these growth factors [67]. In
cultured primary rat skeletal muscle cells, it has been
observed that the effect of adenosine on adenylate cyclase
activation is mainly mediated via the A2B receptor [68].
Thus, the present observed effects of adenosine on skeletal
muscle cells suggest that the effect of adenosine on VEGF
release may be mediated via activation of the A2B receptor
whereas this pathway apparently does not regulate VEGF
mRNA expression.

Endothelial cell proliferation

Electro-stimulation enhanced the endothelial cell prolifer-
ative effect of the extracellular medium from the human
muscle cell cultures. This observation is in congruence
with our previous findings in a microdialysis study on
human subjects, showing a greater proliferative effect for
human skeletal muscle interstitial fluid after muscle
contraction [69, 70]. The results suggest that at least part
of the proliferative effect of muscle interstitial fluid can be

explained by release of angiogenic compounds from the
skeletal muscle cells.
In contrast to the effect of electro-stimulation on human

muscle cells, contractile activity of rat skeletal muscle cells
did not enhance the proliferative effect of the extracellular
medium. This discrepancy between human and rat cells
could potentially be explained by the fact that the extracel-
lular medium from the human muscle cells contains a
compound that is specific for human endothelial cells and
that does not exist or does not function in medium from rat
muscle cells. It is, however, unlikely that such a compound
would be VEGF, since VEGF from mice, rats and human
cells have all been shown to induce increase, in proliferation
or COX expression in both HUVECs or bovine endothelial
cells [71–73].
In general, it may be questioned to what extent VEGF

contributes to the contraction-induced increase in prolifer-
ative effect of the human muscle extracellular fluid. The
elevation in the level of VEGF mRNA by electro-stimula-
tion was similar in the rat and human skeletal muscle cells
yet only the human muscle cell extracellular medium
showed an increased proliferative effect. Moreover, despite
a 2-fold increase in VEGF protein in the extracellular
medium of the indomethacin-treated rat muscle cells, the
effect on endothelial cell proliferation was similar to that of
control medium. Medium from muscle cells incubated with
SNAP decreased endothelial cell proliferation without
affecting the extracellular VEGF protein levels in compar-
ison to medium from control muscle cells. Thus, there
appears to be no direct relationship between the level of
VEGF in the muscle cell cultures and the proliferative effect
of the muscle extracellular fluid.
Control experiments were conducted to assess whether

the effect of SNAP on lowering endothelial cell proliferation
was an effect on the endothelium or an effect mediated via
the muscle cells. Medium from endothelial cells incubated
with SNAP showed no changes in endothelial cell prolif-
eration (L. Jensen, data not shown), suggesting that the
observed decrease in proliferation, with medium from
SNAP treated muscle cells, was not due to a direct effect
of SNAP. Thus, it appears that NO regulates the release of
an angiogenic compound from the skeletal muscle cells, a
compound that is unlikely to be VEGF.
As bFGF has been shown to increase angiogenesis [74]

and endothelial cell proliferation [75], it can be speculated
that the decreased proliferative effect of medium from the
SNAP-treated muscle cells was associated with the reduced
amount of bFGF mRNA and a potential lowering of bFGF
protein in these cells. However, although this possibility
cannot be excluded, it is not very likely considering the low
levels of bFGF in the medium of the control muscle cells in
the present study. The observed effects of NO on endothelial
cell proliferation is in agreement with several studies [76–
79] and suggest that the increased formation of NO by
muscle cells that occurs in response to exercise [80] could
restrict proliferation of endothelial cells.
Medium from muscle cells treated with adenosine elicited

an increase in endothelial cell proliferation compared to
medium from control cells, whereas medium from AOPCP-
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treated muscle cells elicited no changes in endothelial cell
proliferation. The present results suggest that the proliferative
effect of adenosine might be mediated through release of
proliferative compounds from muscle cells. In the light of
adenosine enhancing the basal release of VEGF from muscle
cells, one such proliferative compound may be VEGF.

Stability of mRNA

The level of expression of VEGF and bFGF mRNA is
determined by the transcription rate of genes and/or the
stability of the mRNA. Therefore, to evaluate the stability of
VEGF and bFGF mRNA, actinomycin-D, which blocks
transcription, was added to cell cultures. There were no
differences in half-lives calculated in control, electrically
stimulated or indomethacin-treated cells of either VEGF or
bFGF mRNA. Thus, the electrical stimulation or indometh-
acin treatment did not affect the stability of VEGF and
bFGF mRNA, indicating that changes in VEGF and bFGF
mRNA were at the transcriptional level.

Conclusion

In summary, this study provides evidence that a major
source of the contraction-induced increase in VEGF expres-
sion might be the muscle cells. Contraction of skeletal
muscle cells, as well as prostanoids, NO and adenosine
regulate the level of VEGF and bFGF mRNA in skeletal
muscle cells with TXA2, PF2a, PE2 and NO restricting
VEGF expression, and adenosine enhancing VEGF release.
In spite of a similar effect on growth factor expression, NO
decreases the proliferative effect while prostanoids increase
the proliferative effect of muscle cell extracellular medium,
suggesting that muscle cells also produce proliferative
compounds other than VEGF and bFGF.
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