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Lloyd, Pamela G., Barry M. Prior, Hsiao T. Yang, and
Ronald L. Terjung. Angiogenic growth factor expression in
rat skeletal muscle in response to exercise training. Am J
Physiol Heart Circ Physiol 284: H1668–H1678, 2003. First
published January 23, 2003; 10.1152/ajpheart.00743.2002.—
Angiogenesis occurs in skeletal muscle in response to exer-
cise training. To gain insight into the regulation of this
process, we evaluated the mRNA expression of factors impli-
cated in angiogenesis over the course of a training program.
We studied sedentary control (n � 17) rats and both seden-
tary (n � 18) and exercise-trained (n � 48) rats with bilateral
femoral artery ligation. Training consisted of treadmill exer-
cise (4 times/day, 1–24 days). Basal mRNA expression in
sedentary control muscle was inversely related to muscle
vascularity. Angiogenesis was histologically evident in
trained white gastrocnemius muscle by day 12. Training
produced initial three- to sixfold increases in VEGF, VEGF
receptors (KDR and Flt), the angiopoietin receptor (Tie-2),
and endothelial nitric oxide synthase mRNA, which dissi-
pated before the increase in capillarity, and a substantial (30-
to 50-fold) but transient upregulation of monocyte chemoat-
tractant protein 1 mRNA. These results emphasize the im-
portance of early events in regulating angiogenesis. How-
ever, we observed a sustained elevation of the angiopoietin
2-to-angiopoietin 1 ratio, suggesting continued vascular de-
stabilization. The response to exercise was (in general) tem-
pered in high-oxidative muscles. These findings place impor-
tance on cellular events coupled to the onset of angiogenesis.

capillaries; peripheral vascular disease; endothelium; cyto-
kines; chemokines

PATIENTS WITH PERIPHERAL VASCULAR DISEASE (PVD) expe-
rience pain on exertion (intermittent claudication) due
to insufficient oxygen delivery to the exercising muscle.
These symptoms could potentially be relieved by in-
creasing blood flow to the muscle via remodeling of
existing collateral arteries (arteriogenesis) and/or by
increasing muscle capillarity (angiogenesis). Exercise
training can stimulate both arteriogenesis and angio-
genesis, as seen by the increased collateral-dependent
blood flow (45) and greater muscle capillarity (15) after
training. Thus exercise is a valuable treatment for
PVD (8). However, many patients with PVD are unable
or unwilling to exercise. Examination of the underlying
mechanisms of arteriogenesis and angiogenesis in re-

sponse to exercise training could lead to improved
treatments for these patients. Therefore, in this study,
we set out to characterize the expression of a variety of
angiogenic factors in skeletal muscle of rats with ex-
perimental PVD (femoral artery occlusion) over the
course of a 24-day exercise training program. Our goals
were to 1) identify factors involved in training-induced
angiogenesis and 2) investigate how the responses of
the individual growth factors are coordinated to pro-
duce the overall angiogenic response.

To achieve these goals, we first examined the expres-
sion of angiopoietin 1, angiopoietin 2, and their recep-
tor Tie-2 over the course of the training program. The
angiopoietins act in concert with VEGF (3) and are
critically important for angiogenesis. Angiopoietin 1
stabilizes the existing vasculature (40), whereas angio-
poietin 2 destabilizes it, allowing new growth to occur
(26). Because both angiopoietins act through the same
receptor (Tie-2), changes in the ratio of angiopoietin 2
to angiopoietin 1 have been implicated in angiogenesis,
with a higher angiopoietin 2-to-angiopoietin 1 ratio
being proangiogenic in the presence of VEGF (17). We
also assessed changes in the abundance of monocyte
chemoattractant protein (MCP)-1 mRNA in response
to training. MCP-1 accelerates vascular remodeling in
response to ischemia (16), suggesting that MCP-1 could
be involved in skeletal muscle angiogenesis.

In addition to the angiopoietins and MCP-1, we also
investigated the effect of the training program on
VEGF, VEGF receptors, and endothelial nitric oxide
(NO) synthase (eNOS). VEGF is increased immediately
after a single exercise bout in both animals (4) and hu-
mans (14). Exercise also elevates mRNA for the VEGF
receptor Flt (9), although the response of the KDR recep-
tor remains unclear (11). Likewise, expression of eNOS is
enhanced by exercise (12, 22, 24, 43). Although acute
exercise has previously been shown to alter the expres-
sion of these factors, their pattern of expression during
chronic exercise is not well characterized. Likewise, the
relationship between changes in these factors and poten-
tial changes in angiopoietin expression during the course
of a training program has not been explored.

Measurements of growth factor mRNA were made in
muscle sections of contrasting vascularity (51), allow-
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ing us to identify fiber-type differences in both basal
and exercise-stimulated expression. We hypothesized
that training would produce the greatest effect on
growth factor expression in the sparsely vascularized
white gastrocnemius (WG) muscle, because this is the
tissue most at risk of ischemia during exercise in ani-
mals with femoral artery ligation. Our results show
that significant alterations in angiopoietin, Tie-2,
MCP-1, eNOS, VEGF, and VEGF receptor mRNA oc-
cur during exercise training. These findings illustrate a
pattern of response that differs among factors and
depends on fiber type. Most of the factors increased
initially, but declined before angiogenesis was histolog-
ically evident, whereas other factors showed a sus-
tained increase throughout the course of the training
program.

MATERIALS AND METHODS

Study Design

Rats were divided into three main experimental groups:
sedentary controls (Cont; n � 17), sedentary ligated (LIG;
n � 18), and exercise-trained ligated (LIG-EX; n � 48).

Animal Care

Eighty-three male Sprague-Dawley rats (�325 g, Taconic
Farms; Germantown, NY) were used in this study. Rats were
housed two per cage in temperature-controlled rooms (21°C)
with a 12:12-h light-dark cycle. Rat chow and water were
provided ad libitum. Before the study began, rats were famil-
iarized with the treadmill by walking them at 15–20 m/min,
15% grade, for �5 min. They were also taught to run at the
front of the treadmill belt by turning the treadmill on and off.
During the familiarization period, rats were placed on the
treadmill two to three times per day for 3–5 days. This
protocol does not induce peripheral adaptations in rats (44,
46, 51).

The experimental protocols used in this study were ap-
proved by the Animal Care and Use Committee of the Uni-
versity of Missouri and conform to National Institutes of
Health guidelines.

Femoral Artery Ligation

In LIG and LIG-EX rats, the femoral arteries were ligated
bilaterally �5–6 mm distal to the inguinal ligament. The
rats were anesthetized with ketamine (100 mg/kg) and
acepromazine (0.5 mg/kg). The skin of the inner thighs was
shaved and swabbed with Betadine. Small incisions were
made in the skin, and the right and left femoral arteries were
isolated and completely occluded by ligation with 3-0 surgical
silk (44, 49, 50). The wounds were closed, and the animals
were allowed to recover in their cages. The rats were given a
full day of recovery before beginning the exercise training
program. After 1 day, all animals appeared fully recovered
and showed no signs of tissue necrosis.

Exercise Training

Rats in the LIG-EX group exercised daily on a motor-
driven rodent treadmill (Quinton model 42-15) four times per
day (once per hour in the morning). The rats began by
walking at 15 m/min and progressed to running at 20–25
m/min as their ability to exercise increased. Rats exercised

until showing signs of fatigue (hopping gait). The daily exer-
cise time of each rat was recorded.

To study the time course of angiogenic growth factor ex-
pression in response to training, rats followed the training
program for 1, 3, 8, 12, 18, or 24 days (3 and 8 days, n � 12;
all other groups, n � 6). Exercise was performed 7 days/wk
except for days 14 and 19. On the last day of training, tissue
was collected 2 h after the final exercise bout. Cont rats and
LIG rats were euthanized at the same time points for com-
parison (Cont, n � 2–3/day; LIG, n � 2–4/day). However,
fewer Cont animals than LIG-EX animals were taken per
time point, because it seemed likely that cage activity would
provide little angiogenic stimulus in normal animals over the
24 days of the experiment. Similarly, fewer LIG animals than
LIG-EX animals were taken per time point, because even
after femoral artery occlusion blood flow capacity to the calf
muscles is much greater (�3-fold) than is needed for resting
flow demands (51). Thus the calf muscles are not frankly
ischemic in the absence of extensive muscle recruitment
(such as occurs during treadmill exercise), and thus there
was again expected to be little stimulus for angiogenesis in
these animals.

Tissue Collection and Processing

Under deep pentobarbital anesthesia (60 mg/kg ip), mus-
cles were collected from both hindlimbs. The superficial
white section of the medial head of the gastrocnemius (WG;
primarily fast-twitch white fibers), the deep red section of the
lateral gastrocnemius (RG; primarily fast-twitch red fibers),
and the soleus (SOL) muscle (primarily slow-twitch red fi-
bers) were resected, rapidly frozen with liquid N2-cooled
aluminum tongs, and stored at �80°C. A �5-mm cross sec-
tion of the WG muscle was mounted on a cork, frozen in
liquid N2-cooled isopentane, and stored at �80°C for histo-
chemical analysis of capillarity.

For RNA isolation, �50 mg of tissue were snapped off of
each muscle under liquid nitrogen. The frozen muscle sample
was placed in a plastic tube inside an aluminum mortar
immersed in liquid nitrogen and powdered with a frozen
aluminum pestle. The frozen powder was then transferred to
a tube containing TRIzol (Life Technologies; Frederick, MD).
Total RNA was isolated according to the manufacturer’s
instructions. Integrity of the RNA was assessed by separat-
ing �2 �g of each sample on a 1% agarose gel containing
ethidium bromide and examining the 5S, 18S, and 28S rRNA
bands under ultraviolet light.

Total RNA was treated with DNase (DNA Free, Ambion,
Austin, TX) to remove contaminating genomic DNA. The
treated RNA was assayed by spectrophotometer (A260/A280)
to assess purity and concentration. All samples were then
diluted to 5 ng/�l with Tris-EDTA buffer (Sigma Chemical;
St. Louis, MO). Samples were stored at �80°C.

Tissue Capillarity

Angiogenesis was assessed by determining the increase in
capillary contacts per fiber in the WG section. Ten-microme-
ter-thick frozen sections were cut using a cryostat (CM 1850,
Leica). Capillaries were visualized by staining acetone-fixed
tissue sections for alkaline phosphatase activity (35) and
counterstaining with metanil yellow, as previously described
(25, 47, 48, 51). Images of each muscle were collected with a
Spot digital camera (Diagnostic Instruments; Sterling
Heights, MI) connected to a Nikon Eclipse E600 microscope
(Nikon; Torrance, CA). For each muscle, a composite image of
the entire section was created using Adobe Photoshop soft-
ware. This image was overlaid with a 20-square grid, allow-

H1669GENE EXPRESSION DURING ANGIOGENESIS IN SKELETAL MUSCLE

AJP-Heart Circ Physiol • VOL 284 • MAY 2003 • www.ajpheart.org

 on F
ebruary 12, 2009 

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org


ing 20 nonoverlapping fields (�0.06 mm2 each) to be identi-
fied for analysis. A new image was then acquired in each
selected field. The number of myocytes and number of capil-
laries surrounding each myocyte were counted using Photo-
shop software and recorded for calculation of capillary con-
tacts per fiber. A total of �130 fibers was examined for each
muscle.

Real-Time Quantitative RT-PCR

Expression of angiogenic mRNAs was studied by RT-PCR.
TaqMan RT-PCR reagents, obtained from Applied Biosys-
tems (Foster City, CA), were used according the manufactur-
er’s protocols (TaqMan Universal PCR Master Mix Protocol
No. 4304449, Revision A). Total RNA (50 ng) was converted
to cDNA by RT primed by random hexamers. Specific primers
and fluorescent probes were used for each target. Primers
and probes were designed using Primer Express (Applied
Biosystems). The sequences were as follows: VEGF, TTC-
AAGCCGTCCTGTGTGC (forward), TCCAGGGCTTCAT-
CATTGC (reverse), FAM-CAGCCCGCACACCGCATTAGG-
TAMRA (probe); KDR, TCAAGATCCTCATCCACATTGG
(forward), GGGCTTCGTGCAGGCA (reverse), FAM-CCA-
TCTCAATGTGGTGAACCTGCTGG-TAMRA (probe); Flt,
CCTCGCCAGAAGTCGTATGG (forward), CACCGAATAGC-
GAGCAGATTT (reverse), FAM-TCCGTTGCGGGTACGC-
CATGTT-TAMRA (probe); angiopoietin 1, AGATACAACA-
GAATGCGGTTCAAA (forward), TGAGACAAGAGGCTG-
GTTCCTAT (reverse), FAM-CCACACGGCCACCATGCTGG-
TAMRA (probe); angiopoietin 2, TGGCTGGGCAACGAGTTT
(forward), TGGATCTTCAGCACGTAGCG (reverse), FAM-
TCTCCCAGCTGACCAGTGGGCA-TAMRA (probe); Tie-2,
GGGTCGGCTGGAATGACTT (forward), ACATTTGCTC-
TCTTCAGTTGCAAC (reverse), FAM-CATCACCGTGCTAT-
TGGCGTTTCTGA-TAMRA (probe); eNOS, GTGCTGGC-
ATACAGAACCCA (forward), CCATGTGGAACAGACCCCA
(reverse), FAM-TGGGCTGGGCCCTCTGCACT-TAMRA (probe);
and MCP-1, CAGATGCAGTTAATGCCCCAC (forward), AGC-
CGACTCATTGGGATCAT (reverse), FAM-CACCTGCTGCTA-
CTC-ATTCACTGGCAA-TAMRA (probe). The specificity of
each primer pair was evaluated using a 3% agarose gel; only a
single product of appropriate size was produced for each PCR
reaction. We verified excellent efficiency of the real-time PCR by
showing a doubling of the products with each cycle over a
512-fold dilution range.

PCR (40 cycles) was performed in duplicate on 25 ng of
cDNA from each sample using the Prism 7700 (Applied
Biosystems) for real-time detection of PCR products. The
fluorescence threshold (0.04) was set in the exponential
phase of product formation. A reference sample of heart
cDNA probed for glyceraldehyde-3-phosphate dehydorgenase
was included on all plates (cycle time � 24.6 � 0.11) to verify
consistency between plates.

Statistical Analysis

One-way ANOVA was used to assess the treatment effect
of exercise training (SPSS version 9.0, SPSS; Chicago, IL).
Tukey’s t-test was used to detect significant differences be-
tween exercised animals and sedentary controls. P values
�0.05 were considered significant.

Data are expressed as means � SE. No differences in
mRNA expression over time were detected in sedentary Cont
animals (Kruskal-Wallis nonparametric analysis). Thus the
Cont animals were pooled into a single group for compari-
sons. While there were no differences in mRNA expression
over time in the sedentary LIG animals (except for MCP-1

and angiopoietin 1), we have shown individual values in the
figures.

RESULTS

Exercise Training

Average total run time for the rats increased rapidly
for the first 8 days of the training program (Fig. 1). For
the remainder of the training program, the rats main-
tained their level of performance of �100 min/day but
did not further increase their running time. Thus it is
likely that the strongest stimulus for angiogenesis oc-
curred during the first 8 days of training.

Muscle Capillarity

As illustrated in Fig. 2, angiogenesis was evident by
a �25% increase (P � 0.001) in muscle capillarity
observed by day 12 of training. This increase in capil-
larity affected all fibers within the WG section, as the
distribution of capillary contacts per fiber was uni-
formly shifted to higher values (Fig. 3). Thus fibers
with relatively low numbers of capillary contacts in-
creased in capillarity, as did the fibers with relatively
high initial numbers of capillary contacts. No further
increase in capillarity was observed with continued
training after day 12. Muscle capillarity was not dif-
ferent between nonligated sedentary animals and li-
gated sedentary animals (Fig. 2, inset), and ligation
alone did not alter the distribution of capillary contacts
(Fig. 3, inset).

Relative Expression of Angiogenic mRNAs
in Control Muscle

Angiopoietin 1, angiopoietin 2, Tie-2, MCP-1, VEGF,
KDR, Flt, and eNOS mRNA were readily detected in
control muscles. Expression was found in all three of
the muscle types studied: fast glycolytic (WG), fast
oxidative (RG), and slow oxidative (SOL). The basal

Fig. 1. Average total daily run times for trained rats. Exercise time
and speed were recorded during the four daily runs for each rat. Data
presented here are the total times run by the rats on the day they
were euthanized (means � SE). Some error bars are covered by the
symbol. n � 6 (1, 18, and 24 days), 12 (3 and 8 days), and 5 (12 days).
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level of expression varied greatly among the growth
factors and receptors studied (Fig. 4). In all three
muscles, VEGF mRNA was by far the most abundant,
and MCP-1 was the least abundant. In the WG and
SOL muscles, the relative mRNA expression was
VEGF ��� Flt � angiopoietin 1 � angiopoietin 2 �
Tie-2 � eNOS � KDR � MCP-1. The same pattern was
found in the RG muscle except that Tie-2 � angiopoi-
etin 2. In all three muscles, the angiopoietin 2-to-
angiopoietin 1 ratio was �1 (WG, 0.87 � 0.08; RG,
0.40 � 0.03; SOL, 0.68 � 0.06). Because angiopoietin 1
stabilizes vessels, whereas angiopoietin 2 destabilizes
them, this ratio is consistent with a quiescent vascula-
ture (26). Although the relative pattern of expression of
the target mRNAs was similar for each fiber type, the
magnitude of target expression varied with fiber type.

For all targets, expression was lower in the WG muscle
than in the RG and SOL muscles (Fig. 4).

Expression of Angiogenic mRNAs in
Ligated-Only Muscle

As may be expected in our model of acute-onset inter-
mittent claudication, where flow capacity is well in excess
of flow demands of resting muscle (51), ligation alone had
no effect over time on the expression of the angiogenic
mRNAs studied (Figs. 5 and 6), with the exception of a
transient increase in MCP-1 mRNA (see below) and an
apparent influence on angiopoietin 1 mRNA, which was
uniformly reduced over time in the SOL muscle.

Effect of Exercise Training on Angiogenic
mRNA Expression

VEGF and VEGF receptors. VEGF mRNA was up-
regulated by exercise training (Fig. 5). In the WG

Fig. 2. Capillary contacts per fiber in the white
gastrocnemius (WG) muscle section of exercise-
trained ligated (LIG-EX) animals. Inset: average
capillary contacts per fiber for the sedentary ligated
(LIG) and control (Cont) animals. *Significantly
higher than other time points (P � 0.05).

Fig. 3. Distribution of capillary contacts per fiber in the WG muscle
section of LIG-EX and Cont animals. Inset: distribution of average
capillary contacts per fiber for LIG and Cont animals.

Fig. 4. Expression of target mRNAs in nonexercised Cont muscles.
All targets are expressed relative to the abundance of endothelial
nitric oxide synthase (eNOS) in WG muscles. Values are means �
SE; n � 17 for each. MCP-1, monocyte chemoattractant protein 1;
Ang, angiopoietin.
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muscle, VEGF mRNA was sharply increased after 1
day of training and declined toward control values
thereafter. VEGF mRNA was also upregulated in the
RG and SOL muscles. However, the pattern of expres-
sion in response to training was different from that
observed in the WG muscle. In the RG muscle, the rise
in VEGF mRNA did not occur until day 3 of training. In
addition, the elevation of VEGF mRNA in the RG
muscle was both smaller and more sustained than that
found in the WG muscle. The response of the SOL
muscle was intermediate, with a moderate and tran-

sient increase in VEGF mRNA beginning at day 3 (Fig.
5). The VEGF receptors KDR and Flt were also affected
by exercise training. Again, the largest response was
observed in the WG muscle, in which KDR mRNA
expression peaked by day 8 of training. Expression
declined rapidly to control levels thereafter. Exercise
did not affect KDR mRNA levels in the RG muscle. The
response of the SOL muscle was intermediate between
those of the WG and RG muscles, with a small eleva-
tion in KDR mRNA, which peaked at day 8 (Fig. 5). The
pattern of Flt expression was similar to that of KDR,

Fig. 5. Expression of VEGF, KDR, Flt, and eNOS mRNA in LIG-EX (solid symbols) and LIG (open symbols) rats
(relative to the values in muscles of Cont animals). Left: WG muscle; middle: soleus (SOL) muscle; right, red
gastrocnemius (RG) muscle. Values are means � SE. Some error bars are obscured by the symbols. n � 6 (1, 12,
18, and 24 days) or 12 (3 and 8 days); LIG: n � 2–3 per time point. *Significantly higher than control (P � 0.05).
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with the response being WG � SOL � RG. Flt mRNA
expression followed a similar time course to KDR
mRNA expression, peaking by days 3–8 of training
(Fig. 5).

eNOS expression. Training increased eNOS mRNA
in all three muscles. The response to training was
greatest in the WG muscle and least in the RG muscle.
The peak of eNOS mRNA expression occurred by 8

Fig. 6. Top 3 rows: expression of Tie-2, angiopoietin 2, and angiopoietin 1 mRNA in LIG-EX (solid symbols) and
LIG (open symbols) rats (relative to the values in Cont animals). Bottom: absolute ratio of angiopoietin 2 to
angiopoietin 1, with Cont values shown in gray (because values are not normalized to Cont values). Left, WG
muscle; middle, SOL muscle; right, RG muscle. Values are means � SE. Some error bars are obscured by the
symbols. n � 6 (1, 12, 18, and 24 days) or 12 (3 and 8 days); LIG: n � 2–3 per time point. *Significantly different
from control (P � 0.05).
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days of training. Levels returned to control thereafter
(Fig. 5).

Angiopoietins and Tie-2. Expression of mRNA for
angiopoietins 1 and 2 and their receptor Tie-2 was
affected by exercise training. As illustrated in Fig. 6,
training increased the angiopoietin 2-to-angiopoietin 1
ratio in all three fiber sections, primarily due to an
increase in angiopoietin 2, although the decrease in
angiopoietin 1 in the RG and SOL muscles also con-
tributed. Interestingly, the fiber-type pattern of the
angiopoietin response was reversed relative to the pat-
tern found for VEGF and VEGF receptors. Training
had the largest effect on the ratio in the RG muscle, an
intermediate effect in the SOL muscle, and the small-
est effect in the WG muscle (Fig. 6). Tie-2 mRNA was
also upregulated by training. As for VEGF, KDR, and
Flt, the largest increase in Tie-2 mRNA was found in
the WG muscle. In all three muscles, Tie-2 mRNA
expression peaked by day 8 of training (Fig. 6). It
remained elevated thereafter only in the RG section.

MCP-1 expression. The most striking change in
mRNA expression in response to training was found in
MCP-1 mRNA, in which a sharp elevation was evident
after 1 day of training in all three muscles (Fig. 7). The
largest effect of training occurred in the RG muscle and
the smallest effect was found in the WG muscle, as for
the angiopoietin 2-to-angiopoietin 1 ratio, and in con-
trast to the other factors studied. Expression declined
rapidly after day 1. MCP-1 mRNA was also elevated by
ligation alone in the RG and SOL muscles (but not in
the WG muscle), with the largest effect seen 1 day after
ligation (RG, 8.78 � 1.73-fold increase; SOL, 12.55 �
4.74-fold increase). However, these responses were
much less pronounced in the LIG rats than in the
LIG-EX rats. For example, on day 1, MCP-1 mRNA
levels were �6.5-fold higher in the RG muscle and
�3-fold higher in the SOL muscle of LIG-EX rats
relative to LIG rats.

DISCUSSION

This study was designed to investigate the effects of
ischemic exercise training on the expression of a num-
ber of important growth factors that have been impli-
cated in vascular remodeling. We provide the first
evidence that activation of the angiopoietin and VEGF
pathways occurs in skeletal muscle in response to
exercise training, in a manner that appears coordi-
nated for angiogenesis. As discussed below, changes in
gene expression are most dramatic during the initial
phase of training, are tempered as the training
progresses, and finally reach an apparent steady state.
Because angiogenesis is histologically evident by day
12, the angiogenic process is likely to be ongoing during
the initial period of training, when changes in gene
expression are most marked. This is most evident in
the low oxidative, low vascular WG section, in which
increased capillarity is preceded by both enhanced
VEGF/VEGF receptor mRNA abundance and changes
in the angiopoietin 2-to-angiopoietin 1 mRNA ratio.

These shifts in gene expression should favor angiogen-
esis.

Exercise Training Activates Multiple Growth
Factor Pathways

VEGF and VEGF receptors. In the WG muscle, there
was a large initial increase in VEGF mRNA, followed
by a progressive decline to control values over the
remainder of the training program. This pattern con-
firms previous observations after exercise in non-
trained rats (4) and during training in humans (32).

Fig. 7. Expression of MCP-1 mRNA in LIG-EX (solid symbols) and
LIG (open symbols) rats relative to the response in muscles of Cont
animals. A: WG muscle; B: SOL muscle; C: RG muscle. Values are
means � SE. Lines were drawn by hand to aid the eye. Some error
bars are obscured by the symbols. n � 6 (1, 12, 18, and 24 days) or 12
(3 and 8 days); LIG: n � 2–3 per time point. *LIG-EX values
significantly different from control (P � 0.05); †LIG values signifi-
cantly different from control (P � 0.05).
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The increase in VEGF mRNA observed with exercise
(13) and/or muscle contractions (1) is associated with
an increase in VEGF protein. Thus increased VEGF
protein levels should provide an important stimulus for
angiogenesis, especially during the early phase of the
training program. Interestingly, there was no detect-
able increase in muscle capillarity during the early
time period of training, when the VEGF mRNA
changes were most apparent. Rather, a robust increase
in capillarity was observed beginning at day 12 of
training (cf. Fig. 2). Because angiogenesis has been
observed as early as 5 days after the onset of chronic
muscle stimulation, it is likely that the angiogenic
process was already ongoing at earlier time points,
during the dominant phase of the VEGF response.
However, a sustained exercise stimulus, occurring over
a number of days, may be necessary in order for the
development of angiogenesis to become fully manifest.

It is presently unclear whether the tempered re-
sponse of VEGF mRNA to continued exercise training
is due to reduced transcription and/or an altered half-
life of the message, because both of these mechanisms
are known to regulate VEGF mRNA levels (39). Fur-
thermore, it is unclear what metabolic and/or hemody-
namic stimuli prompt VEGF mRNA upregulation in
response to exercise. Hypoxia is a major regulator of
VEGF mRNA expression (38) and cannot be dismissed
as an important contributor to the responses observed
in this study. However, our experiments were not de-
signed to “factor out” the potential influence of hypoxia
(ischemia). We did not include a nonligated trained
group, because definitive conclusions about the exer-
cise response in these animals would have been pre-
empted by complexities associated with motor unit
recruitment during exercise. For example, to match the
exercise stimulus between groups, nonligated animals
would have had to run at the same low speed as the
ligated animals. However, in nonligated animals, this
exercise intensity would not meaningfully recruit fast-
twitch white motor units (7). Thus any differences in
gene expression between the nonligated exercised and
ligated exercised WG muscle sections would reflect
altered recruitment rather than the metabolic and/or
signaling consequences of myocyte hypoxia.

Although hypoxia is a known regulator of VEGF
mRNA, Gustafsson et al. (14) have questioned its role
in the exercise response. Indeed, Breen et al. (4) re-
ported a significant elevation in VEGF mRNA in nor-
mal animals during exercise conditions that are not
expected to produce frank hypoxia, suggesting that
other signals associated with muscle contraction are
sufficient to elevate VEGF mRNA. These signals could
be produced in response to flow-dependent stimuli
and/or mechanical changes induced by load bearing
within the muscle during exercise. For example, in-
creased stretch has been shown to increase VEGF
mRNA expression in skeletal muscle (33), cardiac myo-
cytes (53), and the intact heart (52). Likewise, in-
creased shear stress during exercise may play an im-
portant role in modulating angiogenic factor gene ex-
pression. Shear stress is known to increase NO levels

(29), and it has recently been shown that NO can
activate hypoxia-inducible factor 1, a major regulator
of VEGF expression, in the absence of hypoxia (21).
Thus while hypoxia, shear stress, and mechanical
stimuli are all potential stimulators of VEGF gene
expression in response to exercise, it is presently un-
known which of these stimuli actually account for the
enhanced abundance of this important angiogenic
growth factor in our model.

Training also increased the abundance of VEGF re-
ceptor mRNAs (KDR and Flt). However, the timing of
KDR and Flt mRNA upregulation was delayed relative
to the increase in VEGF mRNA. KDR and Flt mRNA
levels were not elevated initially but began rising by
day 3 of training and peaked by day 8. Although we did
not evaluate VEGF receptor protein levels, other stud-
ies have shown a correspondence between elevated
mRNA levels and increased protein expression for both
KDR (36) and Flt (41). The delayed response of KDR
and Flt mRNA to training suggests that tissue ische-
mia is not the primary regulator of these mRNAs,
because ischemia should be evident from the first day.
Perhaps the delay in upregulation of these receptor
mRNAs, relative to the increase in VEGF, is a control
mechanism that moderates the response to VEGF,
preventing brief periods of increased VEGF expression
from resulting in inappropriate angiogenesis.

Angiopoietins and Tie-2. In addition to its effect on
the VEGF pathway, exercise training also altered the
expression of mRNAs in the angiopoietin signaling
pathway. Recent evidence suggests that the angiopoi-
etins play crucial roles in modulating VEGF-induced
angiogenesis. Both angiopoietins bind to the Tie-2 re-
ceptor and thus compete with each other. Angiopoietin
1 promotes vessel stability (40), whereas angiopoietin 2
has the opposite effect (26). Therefore, the ratio of
angiopoietin 2-to-angiopoietin 1 is thought to deter-
mine whether the net effect of the angiopoietins is to
stabilize or destabilize the vasculature, with an in-
crease in the angiopoietin 2-to-angiopoietin 1 ratio
(destabilization) being proangiogenic. For example, an-
giopoietin 2 is upregulated at the leading edge of new
vessel growth (26). Furthermore, studies in transgenic
mouse myocardium show that angiopoietin 2 has a
synergistic effect with VEGF on capillary growth,
whereas angiopoietin 1 antagonizes VEGF action (42).
Thus a balance between these three factors appears to
be necessary for normal vessel growth. Finally, studies
in tumors suggest that angiopoietin 2 expression in the
presence of VEGF leads to vessel growth, but angiopoi-
etin 2 expressed in the absence of VEGF causes vessel
regression (17). In our model, the angiopoietin 2-to-
angiopoietin 1 mRNA ratio was elevated after a single
day of exercise, suggesting that destabilization of the
existing muscle vasculature is an early event in exer-
cise-induced angiogenesis. Interestingly, although we
found that angiopoietin receptor (Tie-2) mRNA was
also increased, the upregulation of receptor mRNA was
delayed relative to the changes in ligand mRNA (as
was found for the VEGF system). Importantly, the
initial increase in the angiopoietin 2-to-angiopoietin 1
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mRNA ratio coincided with the upregulation of VEGF
mRNA. This conforms to the pattern apparently
needed to foster expansion of the capillary network.
Thus we show for the first time that an apparent
coordinated activation of VEGF and the angiopoietin
system occurs during physiological angiogenesis in
skeletal muscle.

eNOS. Training also elevated eNOS mRNA in the
WG muscle, with a time course similar to that of the
three receptors studied. Numerous studies have sug-
gested that NO is a component of the VEGF signaling
pathway (19, 31, 54) and thus is potentially important
in angiogenesis (6, 30, 37). Exercise training is known
to increase NO pathway activity (12, 22, 24, 43), and
eNOS knockout mice show a requirement for NO in
skeletal muscle angiogenesis (28), suggesting that an-
giogenesis in response to exercise might involve NO. In
keeping with this idea, NOS inhibition tempers the
upregulation of both VEGF (10) and Flt (11) by exercise
and eliminates the increase in muscle capillarity typi-
cally observed with chronic low-frequency stimulation
(20). However, these studies did not directly assess the
role of NO in exercise-stimulated angiogenesis. We
have recently shown that inhibition of NO synthesis
with NG-nitro-L-arginine methyl ester (L-NAME) does
not block exercise-induced angiogenesis in the rat is-
chemic hindlimb (although it does inhibit arteriogen-
esis, the remodeling of collateral conduit arteries) (25).
This finding suggests that NO is not involved in exer-
cise-stimulated angiogenesis or, alternatively, that
compensatory mechanisms exist that can stimulate
angiogenesis in the absence of intact NO synthesis
capability.

Our current data showing that eNOS mRNA is up-
regulated in response to exercise with a time course
similar to other components of the VEGF signaling
pathway (KDR and Flt) support the idea that NO is
involved in training-induced angiogenesis. Thus our
previous finding that angiogenic capability is retained
in skeletal muscle of rats subjected to NO synthesis
inhibition may reflect either activation of alternate,
NO-independent angiogenic mechanisms in skeletal
muscle or enhanced eNOS gene expression during
training resulting in an enhanced capacity for NO
production, even in the face of L-NAME. Finally, it is
possible that the upregulation of eNOS in response to
training serves a function unrelated to angiogenesis
(e.g., enhanced endothelial-mediated responsiveness).
Thus further studies are necessary before definitive
conclusions can be drawn about the role of NO in the
angiogenic response to training.

MCP-1. Training increased MCP-1 mRNA in the WG
muscle, with a time course similar to that of VEGF
mRNA. The signaling mechanism mediating this in-
crease is unknown. However, the transcription factors
nuclear factor (NF)-�B and activator protein (AP)-1 are
both recognized regulators of MCP-1 transcription (23),
and increased binding of NF-�B and AP-1 has been
implicated in the upregulation of superoxide dismutase
mRNA by exercise (18). Thus exercise could potentially
induce MCP-1 mRNA via NF-�B and/or AP-1. VEGF

could also contribute to the enhanced MCP-1 mRNA
levels, because it stimulates MCP-1 production in en-
dothelial cells (27).

Although MCP-1 has been implicated in arteriogen-
esis after occlusion of a major supply vessel (16), its
exact function in angiogenesis is unclear. MCP-1 has
recently been shown to have a direct angiogenic effect
on endothelial cells (34). MCP-1 can also indirectly
stimulate angiogenesis by recruiting monocytes to the
tissue, where they release angiogenic growth factors
such as tumor necrosis factor-	 and basic fibroblast
growth factor (2). Thus the finding that MCP-1 expres-
sion is strikingly elevated after 1 day of exercise may
indicate that monocyte-derived growth factors are in-
volved in exercise-induced angiogenesis. If important,
this response appears to be tempered with continued
exercise over the training period.

The timing of MCP-1 expression during vascular
remodeling appears to be key (16). Our data showing
that MCP-1 mRNA increased immediately after initi-
ation of the exercise program and then declined but
remained above control levels for several days suggest
that MCP-1 may have different functions at different
times in the angiogenic process. For instance, an early
effect of MCP-1 could be to recruit monocytes to the
area, resulting in increased levels of a variety of
growth factors. A later angiogenic effect of MCP-1 may
be to stimulate endothelial cell migration, because
MCP-1 can induce endothelial cell chemotaxis (34).

Fiber-Type Differences in Angiogenic Response
to Exercise

Our hypothesis that the upregulation of angiogenic
factors would be greatest in the low-capillarity WG
muscle section was only partially supported. The in-
creases in VEGF, VEGF receptors, Tie-2, and eNOS
mRNA expression with exercise training in the differ-
ent fiber types tended to scale inversely with muscle
vascularity. In contrast, the fiber-type pattern of re-
sponse for the angiopoietin 2-to-angiopoietin 1 ratio
during training was opposite to our expectations.
Training affected the angiopoietin 2-to-angiopoietin 1
ratio more in the high-oxidative than in the low-oxida-
tive fiber sections. This finding implies that the respon-
siveness to vascular remodeling may be greatest in the
highly vascularized sections. However, as discussed
above, the presence or absence of VEGF determines
whether angiogenesis will occur when angiopoietin 2 is
dominant over angiopoietin 1. In this regard, it is
worth noting that the VEGF response in the RG muscle
was muted relative to the response in the WG muscle,
and thus angiogenesis would not be expected to occur
in this environment. Interestingly, we previously ob-
served that the RG muscle section did not exhibit any
increase in capillarity in response to a similar training
program as used in this study (50). Thus the signifi-
cance of the changes in the angiopoietin 2-to-angiopoi-
etin 1 ratio in the RG muscle is presently unclear.

The MCP-1 results also contradicted our hypothesis.
Training increased MCP-1 mRNA more in the high-
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oxidative than in the low-oxidative fiber sections, pos-
sibly in response to more sustained recruitment of the
motor units during the exercise bout. Similarly, MCP-1
mRNA was elevated in the RG and SOL muscle, but
not in the WG muscle, of cage-restricted sedentary LIG
rats (albeit to a much lesser extent than in LIG-EX
rats). This pattern of response suggests that cage ac-
tivity, during which RG and SOL (but not WG) motor
units would likely be utilized (5), is a sufficient stimu-
lus to upregulate MCP-1, at least in the brief period
after occlusion of the femoral arteries.

In conclusion, in the present study, we provide the
first evidence to our knowledge that expression of the
angiopoietins and Tie-2 are altered in skeletal muscle
by exercise training. The increased angiopoietin 2-to-
angiopoietin 1 ratio should have a permissive effect on
angiogenesis by allowing the early increase in VEGF to
initiate new capillary growth, which is apparent by day
12. Although the response of VEGF and its receptors
was tempered later in the training program, muscle
capillarity remained elevated. These results suggest
that exercise-induced angiogenesis involves coordi-
nated activation of both the angiopoietin and VEGF
signaling pathways. Changes in eNOS and MCP-1
mRNA expression also implicate these factors in the
angiogenic response to training. These findings high-
light the complex nature of physiological angiogenesis.
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