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Abstract
Regulation of skeletal muscle capillarization involves distinct signaling pathways and growth
factors including nitric oxide and vascular endothelial growth factor. Our understanding of this
complex regulation continues to expand with the identification of new angiogenic growth factors.
Future work needs to increase the use of advanced molecular techniques to expand our knowledge
of the regulation of basal and exercise-induced capillarization.
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Introduction
Skeletal muscle accounts for 30–40% of body mass and is both heterogeneous and plastic. In
adult humans, skeletal muscle contains a combination of different muscle fibers types: I, IIa,
and IId/x. These different fiber types demonstrate different phenotypes with type I fibers
having the greatest and IId/x fibers having the least mitochondrial volume and
capillarization (1). Capillaries are important in the delivery of hormones and substrates such
as O2, insulin, and glucose to resting and active muscle.

In skeletal muscle, exercise training increases muscle oxidative capacity (mitochondrial
biogenesis) and increases the formation of new capillaries (angiogenesis) (1). Muscle
unloading via hindlimb suspension reduces skeletal muscle capillarization (2) demonstrating
that otherwise untrained muscle represents a condition of activity related to normal weight
bearing activity. Increases in muscle capillarization with exercise training precede the
exercise-induced fiber type transition from IIb+IId/x fibers to IIa (3) suggesting that
angiogenesis is necessary to support the more oxidative muscle phenotype of exercise
training. These observations provoke the question, which intracellular signals and
angiogenic growth factors are responsible for the regulation of skeletal muscle
capillarization.

In attempting to identify the intracellular signals involved in regulating skeletal muscle
capillarization, it is critical to understand which factors are indeed regulated variables. In
muscle, two intersecting characteristics of muscle fibers, namely oxidative capacity
(mitochondrial volume) and fiber size (fiber volume) must be satisfied to provide the fiber
with adequate ATP generation to meet metabolic demand and adequate strength to meet the
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challenges of everyday living. The interaction of these key variables was elegantly
indentified in human muscle by Brodal et al. (1). Several relevant points are observed that
are true both for untrained and endurance trained muscle. First, greater capillarization is
present around fibers with greater mitochondrial content. Second, fiber type specific
differences in the muscle capillary bed exist, likely owing to factors that regulate muscle
fiber type and associated differences in mitochondrial content. Third, there are more
capillaries surrounding larger than smaller fibers of a given fiber type. Fourth, endurance
exercise training increases mitochondrial content and capillarization. Based on our work in
clinical populations (aged and obese) (4, 5) and the seminal work of Brodal et al. (1) in
untrained and trained individuals, we hypothesize that capillarization is regulated primarily
by metabolic pathways in skeletal muscle, but that the size of the muscle fiber also
influences the number of capillaries surrounding the fiber.

The majority of work on skeletal muscle capillaries has focused on angiogenesis. While our
understanding of the steps involved in physiological muscle-specific angiogenesis remains
limited, in general angiogenesis is known to depend upon the coordination of several
independent processes as outlined in Figure 1.

The current work will review our understanding of basal and exercise-induced regulation of
these processes where possible and to identify future directions that will enhance our
understanding of skeletal muscle capillary regulation. This review is not intended to provide
an exhaustive review of the literature surrounding the regulation of skeletal muscle
capillarization, the reader is directed to several such excellent reviews (6, 7). Skeletal
muscle angiogenesis arises from existing capillaries either through sprouting or non-
sprouting angiogenesis. Aerobic exercise and mechanical loading of muscle promotes
sprouting angiogenesis, while vasodilation such as by the α-adrenergic blocker prazosin
promotes non-sprouting muscle angiogenesis (6, 7). The current review will focus on factors
associated with activity-induced sprouting angiogenesis.

Exercise-induced regulation
In reality whole body exercise represents a continuum with regard to metabolic demand
though traditionally exercise is most easily classified as either aerobic or resistance exercise.
Typical examples of aerobic exercise are running and cycling and for resistance exercise
weight lifting. During aerobic exercise, energy demand is supplied predominantly through
continuous mitochondrial ATP generation and thus adaptations are directed toward
increasing oxygen supply to muscle and mitochondrial ATP generation. With resistance
exercise, high mechanical loads promote adaptations to increase muscle mass and strength.

While it is well accepted that aerobic exercise promotes angiogenesis (1), less well known is
that resistance exercise also increases muscle capillarization (8). A possibility behind this
discrepancy may be attributed to findings that while the capillary-to-fiber ratio (C/F) is
increased in response to resistance exercise the accompanying muscle hypertrophy results in
no change in capillary density (CD). In contrast, aerobic exercise increases both C/F and
CD. Greater muscle CD increases the diffusive potential of the capillary bed in support of
greater oxidative capacity. In spite of the lack of an increase in CD, resistance exercise does
promote the formation of new capillaries or angiogenesis. The disturbance in homeostasis
that prompts the angiogenic response to resistance exercise remains elusive.

VEGF and VEGF receptors
By far, the best characterized angiogenic growth factor signaling pathway with regard to
muscle capillarization is vascular endothelial growth factor (VEGF). VEGF is a
predominantly endothelial cell-specific, heparin-binding, 35–45 kDa homodimeric,
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secretable, glycoprotein mitogen. VEGF is encoded by a single gene with post-
transcriptional splicing resulting in several different isoforms including 121, 165, and 189.
Both VEGF165 and VEGF189 have a heparin binding domain that facilitates binding to
heparin sulfate in the extracellular matrix where is can subsequently be cleaved to facilitate
interaction with the VEGF receptors located predominantly on endothelial cells (ECs).
VEGF121 does not contain the heparin binding domain and thus is freely secreted from
muscle cells. Exercise increases the release or secretion of VEGF in muscle. VEGF binds to
two tyrosine kinase receptors, VEGFR-1 (Flt-1) and VEGFR-2 (KDR). The predominance
of VEGF biological activity occurs through binding to VEGFR-2, which is facilitated by
neuropilin 1 (Nrp1). Of the VEGF isoforms, VEGF165 is the most potent because it binds
the Nrp1 receptor to enhance signaling through VEGFR-2, whereas other VEGF isoforms
may not bind Nrp1. Loss of a single VEGF allele results in embryonic lethality.

VEGF mRNA and protein are elevated by acute aerobic and resistance exercise (Figure 2).
Typically, acute exercise increases VEGF mRNA 3- to 4-fold and VEGF protein 25–50% in
humans. Acute exercise increases the mRNA for VEGF121, VEGF165, and VEGF189 (9).
After an exercise training program, VEGF protein is increased 2-fold in humans. Aerobic
and resistance exercise increases VEGFR-2 and Nrp-1 mRNA (9–11), while only aerobic
exercise increases VEGFR-1 mRNA (10, 12). Increases in both VEGF and the VEGF
receptors are consistent with a coordinated VEGF signaling pathway response to exercise.
Data from Wagner et al. suggest that the lifelong deletion of muscle-specific VEGF in late
fetal development inhibits aerobic exercise-induced angiogenesis (13). Inhibition of VEGF
using a VEGF Trap prevents muscle overload-induced angiogenesis (7). While the
magnitude and the time course of the VEGF responses to acute exercise are similar between
aerobic and resistance exercise, these significantly different stimuli are sure to activate
different intracellular signaling pathways and very likely regulate VEGF through different
intracellular mechanisms.

Several intracellular signals have been proposed to regulate VEGF and thus capillarization
in response to exercise. The regulation of VEGF expression occurs predominantly via
changes in mRNA (transcription and stabilization) and less through post-transcriptional
modification. Hypoxia is a well-known regulator of skeletal muscle VEGF in vitro and in
vivo. Exposure of human skeletal muscle cells to hypoxia increases VEGF expression (14).
However, the VEGF mRNA response to acute exercise is similar in normoxia (muscle PO2
= 7.2 mm Hg) and acute hypoxia (muscle PO2 = 3.8 mm Hg) in untrained humans (15).
Does this mean that hypoxia is not involved in exercise-induced VEGF regulation? It is
quite possible that low PO2 is necessary for the increase in VEGF with exercise, but that
lowering intracellular PO2 beyond some point during exercise does not produce further
increases in VEGF. Consistent with this rationale, there is a plateau in the VEGF response to
increasing exercise intensity between 55 and 65% of maximum when intracellular PO2 is
believed to reach a nadir.

Nitric oxide (NO) is involved in muscle VEGF regulation. Nitric oxide is generated by nitric
oxide synthase (NOS) and is produced in muscle by neuronal NOS (nNOS) and in
endothelial cells by endothelial NOS (eNOS). nNOS production of NO regulates in part
muscle mitochondrial respiration, while eNOS production of NO is involved in blood flow
regulation. NOS inhibition attenuates the VEGF and VEGFR-1 mRNA increases to acute
treadmill exercise (16, 17) and electrical-stimulation-induced increases in VEGF mRNA,
VEGFR-1 mRNA, VEGFR-2 mRNA, and angiogenesis (18). However, mice lacking either
eNOS or nNOS do not demonstrate deficiencies in muscle overload-induced angiogenesis
(7). It should be highlighted that while experimental models such as electrical stimulation
and muscle overload induced by synergistic muscle ablation are useful in investigating the
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regulation of angiogenesis, these models may not fully mimic the angiogenic process that
occurs with traditional aerobic and resistance exercise.

Recently we investigated if 5′-AMP-activated protein kinase (AMPK) was involved in
VEGF expression and angiogenesis by using a mouse model in which a dominant negative
(DN) form of AMPK is expressed rendering endogenous muscle AMPK inactive (19).
AMPK is a heterotrimeric enzyme that acts as a metabolic fuel gauge to monitor cellular
energy charge and AMPK activity is increased in response to hypoxia and exercise. We had
hypothesized that AMPK could be the signaling pathway linking muscle metabolism and
capillarization and thus a likely regulator of exercise-induced angiogenesis. AMPK is
important for VEGF expression and angiogenesis induced by chronic hindlimb ischemia. In
contrast to our hypothesis, we discovered that AMPK is not necessary for increases in
VEGF expression or VEGF transcription in response to acute exercise (Figure 3). AMPK is
also not necessary for exercise-induced angiogenesis; though basal capillarization is reduced
in AMPK DN mice compared to WT mice possibly through reduced VEGF.

In addition to AMPK, exercise activates several signaling pathways that may be the link
between metabolism and capillarization including calcium (Ca2+) regulated pathways.
Large, but transient increases in intracellular Ca2+ occur during exercise as a result of neural
activation and muscle cell depolarization. Ca2+ is intimately involved in actin-myosin
crossbridge formation and is responsible in part for exercise-induced improvements in
insulin sensitivity that occur in part through increases in glucose transporter 4 (GLUT4).
Increasing intracellular Ca2+ leads to the activation of several downstream signaling
proteins including calmodulin-dependent kinase (CaMK) and calcineurin. Preliminary data
from our laboratory suggest that calcium may be involved in muscle VEGF regulation.
Increasing intracellular Ca2+ with caffeine appears to increase VEGF mRNA in primary
human myotubes in vitro. It must be stressed that these are preliminary findings and much
more work needs to be done before these studies are finalized. Consistent with a role for
Ca2+ in muscle angiogenesis, recent findings from Gaudel et al. demonstrate that
pharmacological activation of peroxisome proliferator-activated receptor-β (PPARβ), which
is also known as PPARδ and is involved in muscle development and metabolism, increases
VEGF and promotes muscle angiogenesis through a calcineurin dependent pathway (20).

Perhaps the persistent observation of a strong relationship between muscle mitochondrial
volume and the size of the capillary bed suggests that the factors that regulate mitochondrial
biogenesis may also regulate angiogenesis. Aerobic exercise promotes mitochondrial
biogenesis and increases the expression of the transcriptional coactivator PGC-1α
(peroxisome-proliferator-activated receptor-γ coactivator-1α) (21) a regulator of
mitochondrial biogenesis. Muscle specific overexpression of PGC-1α increases muscle
VEGF and capillarization (22). An attractive hypothesis is that exercise-induced regulation
of mitochondria biogenesis and angiogenesis is regulated by PGC-1α though this hypothesis
remains to be tested.

Several transcription factors can bind to the promoter region of the VEGF gene and regulate
VEGF transcription. Of these primary transcription factors, only hypoxia-inducible factor 1
(HIF-1) and signal transducer and activator of transcription 3 (STAT3) are known to be
responsive to exercise in muscle (23, 24). HIF-1 is a well known regulator of VEGF
transcription in response to hypoxia. In humans, exercise increases the nuclear localization
of HIF-1 and promotes the binding of HIF-1 to the hypoxia response element of the
erythropoietin (EPO) gene in muscle (23). However, there is no statistical difference in the
VEGF mRNA response to acute exercise between wild type (WT) mice and mice with
skeletal muscle deletion (KO) of the regulated subunit of HIF-1, HIF-1α (25). HIF-1α KO
mice demonstrate increased skeletal muscle capillarization in the untrained condition to a
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magnitude similar to that resulting from aerobic exercise training suggesting that the loss of
HIF-1α does not negatively impact endurance training (26). Interestingly, exercise training
does not produce any further increase in muscle capillarization in the HIF-1 KO mice. The
greater capillarization in the HIF-1α KO has been speculated to occur via increases in
AMPK (26). Given the endurance training like adaptations in muscle with lifelong deletion
of HIF-1α, our understanding of the involvement of HIF-1 in the regulation of VEGF and
muscle capillarization likely requires the development of muscle specific, conditional
HIF-1α deletion in adult animals.

HIF-1 is not the only hypoxia-induced transcriptional regulator of VEGF. Hypoxia-induced
PGC-1α transcriptional regulation of VEGF is dependent upon the coactivation of the
orphan nuclear receptor ERR-α (estrogen-related receptor-α) and not HIF-1 (22). This is
important because exercise is known to increase muscle PGC1- α (21), however there are no
known reports of exercise increasing ERR-α.

It is apparent that several different intracellular signaling pathways likely contribute to the
regulation of VEGF in response to aerobic activity. While aerobic exercise promotes
increases in metabolic pathways involved in oxidative metabolism, in general resistance
exercise does not. As mentioned above, acute resistance exercise increases VEGF mRNA
and protein in human skeletal muscle. One possible signaling pathway for overload-induced
VEGF and capillary regulation is Akt. Overexpression of Akt induces myotube hypertrophy
and increases VEGF in C2C12 cells and increases muscle fiber size, VEGF, and capillary
density in vivo (14). Increased VEGF transcription by Akt occurs through a transcription
factor that binds between 0.35 kbp and 0.20 kbp upstream of the transcription initiation site
in the VEGF promoter. This section of the VEGF promoter includes binding sites for the
transcription factor specificity protein (Sp) 1/3. In response to resistance exercise, increases
in VEGF mRNA temporally coincide with the activation of STAT3, a proposed regulator of
muscle hypertrophy (24) and known transcriptional regulator of VEGF. Much more work
remains to understand how resistance exercise promotes angiogenesis.

Activity-induced Regulation of Vessel Stabilization and Proteolysis of the Basement
Membrane

Destabilization of capillaries is necessary for sprouting. The angiopoietin system consists of
angiopoietin 1 and 2 (Ang1 and Ang2) and their common receptor Tie2. The angiopoietins
are not prototypical angiogenic growth factors, but rather permissively allow for the proper
interaction between endothelial cells and supporting cells. Capillary stability is promoted
when the concentration of Ang1 is greater than Ang2, while capillary instability is promoted
when Ang2 is greater than Ang1 thus Ang2 acts as a naturally occurring antagonist to Ang1.
In humans, aerobic exercise training increases the expression of Ang2 mRNA/Ang1 mRNA
indicative of a pro-angiogenic state without increases in Tie2 mRNA (12), while acute
resistance exercise increases Tie2 mRNA expression without altering Ang1, Ang2, or Ang2/
Ang1 mRNA (10). Ang2 protein is increased in response synergistic ablation-induced
muscle overload (7). Taken together and given the importance of the angiopoietin pathway
in angiogenesis, it appears that exercise does activate the angiopoietin pathway though
considerable work is warranted to understand the regulation the this pathway.

Proteolysis of the capillary basement is necessary in angiogenesis to allow for among other
functions endothelial cell migration. Matrix metalloproteinases (MMPs) constitute the major
class of proteases responsible for degradation of basement membrane proteins. A single bout
of aerobic exercise increases MMP-9 in humans (27). In response to muscle electrical
stimulation, MMP-2 and membrane type 1 (MT1)-MMP are increased (28). Inhibition of
MMPs inhibits electrical stimulation-induced angiogenesis (28).
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Endothelial Progenitor Cells (EPCs)
Traditionally, angiogenesis was considered to result exclusively from the proliferation,
migration, and remodeling of preexisting, fully differentiated endothelial cells (ECs)
residing in the parent vessels. However, recent evidence suggests that neovascularization
may not rely exclusively upon cells residing within the vessel wall but also appears to be
modulated by circulating cells derived from bone marrow. A specific subset of these cells,
referred to as endothelial progenitor cells (EPCs), can enhance blood flow recovery and
angiogenesis in response to hindlimb ischemia and can differentiate into ECs in situ.
Exercise training increases circulating EPCs. Ablation of resident stem cell activity by X-ray
irradiation in muscle does not prevent exercise-induced angiogenesis (29). Thus, either
resident skeletal muscle ECs are resistant to X-ray irradiation or the ECs are derived from
extra-muscular progenitors. Given that similar dosages of X-ray irradiation block EC in
vitro, the work from Li et al. are consistent with circulating EPCs being involved in
exercise-induced angiogenesis.

Basal Regulation of the Capillary Bed
Very little is known regarding basal regulation of VEGF or muscle capillarization. Using
Cre-Lox P technology, the deletion of VEGF from skeletal muscle decreases muscle
capillary-to-fiber ratio by 67% and capillary density by 69% (13). Equally important is that
VEGF deletion also results in muscle fiber apoptosis suggesting that VEGF is critical for the
maintenance of muscle mass. Whether this is a direct effect of VEGF on the muscle fiber or
an indirect effect due to capillary rarefaction remains to be determined.

Basal expression of VEGF is sensitive to reductions in muscular activity. Hindlimb
suspension for 7 d decreases muscle VEGF mRNA expression by 90% (2) (Figure 4). When
muscle is reloaded for 7 d following suspension, VEGF mRNA is increased by 90%
compared to controls. Thus, VEGF regulation is dependent upon variations in basal activity
levels which is likely due to signaling pathways activated by weight bearing activity or by
neural activity associated with weight bearing activity.

Given the relationship between muscle fiber type, mitochondrial capacity, and
capillarization, the factors that regulate muscle fiber type may also regulate basal muscle
capillarization. A major contributing factor to the establishment of muscle fiber type is
neural control. Motor neurons contact muscle fibers and transmit electrical signals that
modulate calcium concentrations, which in turn play a critical role in determining,
maintaining, and transforming muscle fiber types. Calcineurin is a calcium dependent
protein phosphatase that is regulates in part muscle fiber type. Treating rodents with
cyclosporine A (CsA), an inhibitor of calcineurin activity, results in an increase in glycolytic
enzymes, a decrease in type I myosin heavy chain (MHC) expression, an increase in type
IIB MHC expression, and a 10% decrease in soleus muscle C/F (30). Consistent with this,
preliminary findings in our laboratory in primary human myotubes suggest that inhibition of
calcineurin by CsA reduces basal VEGF mRNA, while KN93 which binds to CaMK does
not.

Future Directions
In spite of our knowledge of the importance of VEGF, angiopoietins, and MMP in skeletal
muscle, recent work demonstrated that Akt increases the expression of Follistatin-like 1
which is secreted from muscle cells and induces angiogenesis (31). This new discovery
reminds us that much still remains to be discovered regarding regulation of the muscle
capillary bed. To further our understanding of basal and exercise-induced regulation
capillarization, an increase in the use of cell culture based strategies is needed. Increased use
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of muscle cell cultures will permit for investigating the intracellular signaling pathways and
transcription factors involved in growth factor regulation and the use of electrical
stimulation of these cell cultures would be a useful model of activity-induced regulation.
Consistent with this, initial experiments in our laboratory suggest that electrical stimulation
of primary human myotubes increases VEGF mRNA. Findings from cell culture can then be
expanded into in vivo conditions that provide the necessary integrative approach to
understand activity-induced changes in muscle capillarization. In addition to increased use
of cell culture, greater use of transgenic animals is needed to translate findings from in vitro
systems and apply them to in vivo exercise models.

Clinical Implications
Several conditions including type 2 diabetes (T2DM) and advanced age are associated with
reduced angiogenic potential in response to limb ischemia. Interestingly, the angiogenic
response to exercise training is maintained in both T2DM and aged individuals. As with
differences between aerobic and resistance exercise, the intracellular signals regulating the
angiogenic responses to ischemia and exercise in muscle may be quite different. For
example, AMPK is important for ischemia-induced angiogenesis, but not exercise-induced
angiogenesis. Understanding how exercise promotes angiogenesis may provide novel insight
into new approaches to treating ischemic disease.

Summary/Conclusions
Exercise induces several pathways that are known to be important for regulating
angiogenesis. VEGF is critical for basal and activity-induced regulation of skeletal muscle
capillarization, while the importance of other growth factor pathways remains to be
elucidated. While several signaling pathways have been identified (Figure 5), significant
work remains on understanding the intracellular signaling pathways and transcription factors
involved in basal and exercise-induced angiogenesis.
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Figure 1.
Steps and factors involved in angiogenesis. Step 1. Vessel destabilization through pericyte
removal; angiopoietin (Ang) 2/Tie receptor for Ang1 and Ang2 (Tie2). Step 2. Vessel
hyperpermeability and proteolysis of the basement membrane; vascular endothelial growth
factor (VEGF), VE cadherin, matrix metalloproteinases (MMPs), transforming growth
factor-β (TGF-β). Step 3. Endothelial cell (EC) proliferation and migration; VEGF,
fibroblast growth factor (FGF), epidermal growth factor (EGF), integrins. Step 4. Cell-to-
cell contact; VE cadherin, ephrins. Step 5. Tube formation; FGF, platelet-derived growth
factor (PDGF), TNF-α, tumor necrosis factor-α 1 (TNF-α). Step 6. Vessel stabilization
through mesenchymal cell recruitment and differentiation into pericytes; Ang1/Tie2, PDGF,
VE cadherin, TGF-β. Original drawing based on ideas from Papetti and Herman (32).
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Figure 2.
At 4 h after the completion of aerobic (45 min of cycling at 50% of maximum) or resistance
exercise (3 × 10 repetitions per set) VEGF mRNA and protein are increased. * -
significantly different than rest for each modality. Original drawing based on data previously
published in (10, 11).
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Figure 3.
AMPK is not necessary for the increase in VEGF mRNA in response to acute treadmill
exercise. Exercise-induced increases in VEGF mRNA are due to increases in VEGF
transcription (B and C). AMPK is important for basal muscle capillarization, but not
exercise-induced angiogenesis (D). * - significantly different than all other groups. # -
significantly different than WT Rest. a – main effect of exercise. Original drawing based on
data previously published in (19).
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Figure 4.
Compared to control, 7 d of hindlimb suspension (7D-HS) decreases VEGF mRNA 70%
and 7 d of reloading (7D-RL) after of suspension increases VEGF mRNA 90%. Basal
weight bearing activity tremendously impacts VEGF regulation. * - significantly different
than all other groups. Original drawing based on data previously published in the
supplemental material of Dapp et al. 2004 (2).
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Figure 5.
Proposed model including intracellular signaling and growth factor regulation in skeletal
muscle (SkM) cells, capillaries lined with endothelial cells (Caps), extracellular matrix
(ECM), and endothelial progenitor cells (EPCs). AMPK, 5′-AMP-activated protein kinase;
Ang1 and 2, angiopoietin 1 and 2; AP-1, activator protein 1; CaMK, calmodulin dependent
kinase; CaN, calcineurin; eNOS, endothelial nitric oxide synthase (NOS); ERR-α, estrogen-
related receptor-α; HIF-1, hypoxia-inducible factor 1; gp130/JAK, glycoprotein 130/Janus
family of tyrosine kinases; MMPs, matrix metalloproteinases; nNOS, neuronal NOS; NO,
nitric oxide; p38 MAPK, p38 mitogen activated protein kinase; PGC-1α, peroxisome-
proliferator-activated receptor-γ coactivator-1α; STAT3, signal transducers and activator of
transcription; Tie2, Tie receptor for Ang1 and Ang2; VEGF, vascular endothelial growth
factor; VEGFR-2, VEGF receptor 2. Solid lines (---) are established pathways. Dashed lines
(- -) are hypothesized pathways.
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