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Chapter

Vascularisation of Skeletal Muscle

Kamal Ranjbar and Bayan Fayazi

Abstract

Skeletal muscle is mainly involved in physical activity and movement, which
requires a large amount of glucose, fatty acids, and oxygen. These materials are
supplied by blood vessels and incorporated into the muscle fiber through the
cell membrane. In contrast, metabolic waste is discarded outside the cell mem-
brane and removed by blood vessels. The formation of a functional, integrated
vascular network is a fundamental process in the growth and maintenance of
skeletal muscle. On the other hand, vascularization is one of the main central
components in skeletal muscle regeneration. In order for regeneration to occur,
blood vessels must invade the transplanted muscle. This is confirmed by the fact
that muscle regeneration occurred from the outside of the muscle bundle toward
the inner regions. In fact, it is likely that capillary formation is a key process to
start muscle regeneration. Thus, vascularization activates muscle regeneration,
and a decrease in vascularization could lead to disruption the process of muscle
regeneration. Also, a better understanding of vascularization of skeletal muscle
necessary for the successful formation of collateral arteries and recovery of
injured skeletal muscle may lead to more successful strategies for skeletal muscle
regeneration and engineering. So, in this chapter, we want to review vasculariza-
tion in skeletal muscle.

Keywords: vascularization, angiogenesis, arteriogenesis, skeletal muscle

1. Introduction

Vascularization of skeletal muscle occurs by four distinct processes: vasculogen-
esis, angiogenesis, arteriogenesis, and lymphogenesis.

1.1 Vasculogenesis

The fundamental biological phenomenon of new vessel formation is one
enormous complexity, and has excited the interest of scientific workers for many
years. Vasculogenesis describes the formation of the primitive network of blood
vessel in the embryo from undifferentiated precursor cells (angioblasts), and the
differentiation of angioblasts to endothelial cell. This is the initial step to blood
vessel formation de novo. To form a new vessel, angioblasts proliferate and join up
with primary capillary plexus. The endothelial cell grid manufactured by vascu-
logenesis then serves as an angiogenesis framework [1]. After primary capillary
plexus formation, it is altered by the sprouting and branching of new vessels from
pre-existing ones. The majority of work on skeletal muscle capillaries has focused
on angiogenesis [1].
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1.2 Angiogenesis

Angiogenesis and inflammation are critical to the process of muscle regenera-
tion, but the complex interactions between these multiple cell types are poorly
understood [2]. Most normal angiogenesis occurs in the embryo where it establishes
the primary vascular tree as well as an adequate vasculature for growing and
developing skeletal muscles. Angiogenesis involves the growth of new capillaries
from existing blood vessels within the skeletal muscle and occurs in the adult dur-
ing the ovarian cycle and in physiological repair processes such as wound healing.
However, very little turnover of endothelial cells occurs in the adult vasculature.

In order for new blood vessel sprouts to form, as previously described by Papetti

et al. [1], mural cells (pericytes) must first be removed from the branching vessel.
Endothelial cell basement membrane and extracellular matrix is then degraded and
remodeled by specific proteases such as matrix metalloproteinase (MMPs), and
the new matrix synthesized by stromal cells is then laid down. This new matrix,
coupled with soluble growth factors, fosters the migration and proliferation of
endothelial cells. After sufficient endothelial cell division has occurred, endothelial
cells arrest in a monolayer and form a tube-like structure. Mural cells (pericytes in
the microvasculature and smooth muscle cells in larger vessels) are recruited to the
abluminal surface of the endothelium, and vessels uncovered by pericytes regress.
Blood flow is then established in the new vessel [1]. Angiogenesis in the skeletal
muscle can occur by two primary mechanisms: sprouting and intussusception.

1.2.1 Sprouting angiogenesis

Sprouting in angiogenesis refers to activated endothelial cells diverging from
the existing vasculature, continuing through the encompassing matrix to form a
cord-like structure (see Figure 1). The endothelial cell cord is changed into a tube
and sticks to the extracellular matrix. It should be noted that the newly formed
tube must reenter the capillary network via joining with another capillary or
venule to become a functional capillary. Newly formed capillary in the beginning
is leaky, but it blossoms to that of the original capillary when pericytes surround
completely the endothelial cells. Like intussusception, sprouting needs to activate
endothelial cells [3].

1.2.2 Capillary intussusceptions

Intussusceptions point to the process by which a mature capillary is divided
into two separate capillaries from within, by the formation of a pillar-like structure
or longitudinal divide on the luminal side of the capillary (Figure 2). Activated
endothelial cells extend intraluminally, effectively forming two tubes through
which blood can pass. Previous studies confirmed that intussusception is a main
method of capillary formation during development. Angiogenic responses were
differential in vivo. In this case, it is mentioned that shear forces acting on capillar-
ies may preferentially increase capillarity through intussusception [3]. On the other
hand, as shown in Figure 3, overload by activation of MMPs and VEGF leads to
angiogenesis via sprouting.

1.3 Arteriogenesis
Arteriogenesis, formerly regarded as a variant of angiogenesis, is a relatively

new term that was introduced to distinguish it from other mechanisms of vascular
growth, such as angiogenesis and vasculogenesis. Vasculogenesis describes the
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Figure 1.
Schematic vepresentation of sprouting angiogenesis [4].

Sprouting Intussusception

Figure 2.
Angiogenesis occurs by the processes of intussusception and sprouting.

embryonic development of blood vessels from angioblasts, and angiogenesis is the
formation of new capillaries by sprouting and intussusception from pre-existent
capillaries. But, arteriogenesis describes the formation of mature arteries from pre-
existent interconnecting arterioles after an arterial occlusion. Arteriogenesis pointed
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Figure 3.
Differential angiogenic responses in vivo [5].

to the enlargement of existing arterial vessels [6]. This enlargement indicates an
increase in the caliber (diameter) and wall dimensions, resulting in a larger vessel. It
is similar to angiogenesis in some features, but the pathways make it different [7].

Angiogenesis occurs under hypoxia/ischemia condition, which leads to the
activation of the transcription factor HIF (hypoxia-inducible factor); in contrast,
arteriogenesis is activated in an environment of normoxia [8].

Growth of arterioles in skeletal muscle has been documented during
development.

Transformation of pericytes into smooth muscle cells and/or apposition of
mesenchymal cells, most likely fibroblasts, to the abluminal surface of capillaries,
followed by their gradual change into pericytes or smooth muscle cells lead to the
growth of arteriolar known as “arteriolarization” [9]. Arteriolar growth accompa-
nied rather than followed capillary growth.

1.4 Lymphogenesis

Lymphatic vessels act in close relation with blood vessels. The formed lymph fluid
is transported via initial lymphatic capillaries to collecting vessels, to lymph nodes,
and finally back to the blood [10]. Hyperemia-induced increased filtration of skeletal
muscle (during activity), promotes hydrostatic and colloid osmotic pressure and
addresses the need for increased lymph flow to maintain optimal conditions in the
muscle. It is clear that exercise increases skeletal muscle lymph flow significantly in
both animals [11] and humans [12], especially at the beginning of exercise. Studies
showed that skeletal muscles contain small capillary-sized lymphatic vessels, which are
located next to blood capillaries between muscle fibers but are much fewer in number.

2. Stimulators of vascularization in skeletal muscle
The studies showed that hypoxia, shear stress, adenosine, and muscle stretch

are the most important stimulators of the angiogenesis process which are more fully
described.
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2.1 Hypoxia

Tissue hypoxia is thought to upregulate a series of local factors that contribute to
angiogenesis. The status of tissue oxygenation determines blood vessels to undergo
angiogenesis or stay quiescent. Accumulation of hypoxia-inducible factor (HIF)-a
under hypoxia condition triggers tissue angiogenesis. HIF-a plays a pivotal role in the
transcriptional activation of genes encoding angiogenic factors. Briefly, as previously
described by Fong et al. [13], HIF-a abundance is negatively regulated by a subfam-
ily of deoxygenates referred to as prolyl hydroxylase domain-containing proteins
(PHDs), which use O, as a substrate to hydroxylate HIF-a subunits and hence tag
them for rapid degradation (Figure 4). Under hypoxic conditions, HIF-a subunits
accumulate due to reduced hydroxylation efficiency and form transcriptionally
active heterodimers with HIF-1p to activate the expression of angiogenic factors and
other proteins important for cellular adaptation to hypoxia. Angiogenesis is regu-
lated by a combination of at least two different mechanisms. The paracrine mecha-
nism is mediated by nonendothelial expression of angiogenic factors such as vascular
endothelial growth factor (VEGF)-A, which in turn interacts with endothelial cell
surface receptors to initiate angiogenic activities. In the autocrine mechanism,
endothelial cells themselves are induced to express VEGF-A, which collaborate with
the paracrine mechanism to support angiogenesis and protect vascular integrity [13].

2.2 Shear stress

Relatively little is known about the importance of mechanical forces and the
mechanisms of their transduction during the growth of vessels in skeletal muscle
[14]. Repeated muscle contractions alter the local microcirculatory hemodynam-
ics by dilatation of arterioles leading to increases in capillary flow velocity, shear
stress (defined as shear stress = blood viscosity x (8 x mean flow velocity)/vessel
diameter) [15] and, potentially, pressure. Capillary growth in response to shear
stress proceeds by division of the lumen by endothelial cell protrusion and vessel
splitting, without the requirement for disturbance and breakdown of the basement
membrane [14].

According to the mechanotransduction hypothesis, shear-induced endothelial
cell deformation, cytoskeletal perturbations, and increasing tension at the focal
adhesion attachment sites activate the integrins, generating intracellular signals that
include transcription of genes involved in angiogenesis [15].

It is known that increased shear stress in endothelial cell cultures leads to an
increase in protein expression of VEGF receptor 2 (Flk-1) [16]. Today it is clear that
shear stress releases NO and increases VEGF and its receptor 2 expression during
the initiation of endothelial cell proliferation and angiogenesis [14].
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Figure 4.
Regulatory mechanisms of PHD hydroxylase activities. Factors or processes with positive effects on PHD
hydroxylase activities are shown in green, whereas those with inhibitory effects are shown in red [13].
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2.3 Adenosine

Of the major metabolites produced and released by exercising skeletal muscle,
adenosine has received the greatest attention as an angiogenic factor. Adenosine is
generated as ATP is catabolized when energy demands increase or oxygen supply
decreases [17]. Feoktistov et al. demonstrated that stimulation of adenosine A,B
receptors upregulates the angiogenic factors VEGF and IL-8 in human endothelial
cells under normoxic conditions [18]. Studies in other cell culture models con-
ducted under normoxic conditions have also indicated that adenosine upregulates
proangiogenic and downregulates antiangiogenic factors [19]. Remarkably, chronic
infusion of adenosine induced neovascularisation in the skeletal muscle and the
heart muscle [20].

2.4 Muscle stretch and exercise

Original studies demonstrated that stretch of cells promotes VEGF (mRNA and
protein), which leads to enhanced endothelial cell migration and tube formation,
and activates MT1-MMP, and upregulates Ang-2 and Tie-2 expression. Stretch also
causes deformation of the extracellular matrix, and may result in the release of
matrix-bound growth factors, that then can bind to and activate the surrounding
cells. Furthermore, stretch induces tensional forces that initiate mechanotransduc-
tion signaling pathways through activation of integrin receptors [15].

When specific muscles are exercise trained, there can be an increase in flow
capacity and an expected increase in the caliber of the large conduit vessels [21].

In this regard, Hounker et al. demonstrated that the subclavian arteries of the
dominant arms of elite tennis players exhibited larger diameters than control group
arteries [22]. Also, increased diameters of the femoral arteries were observed in
elite cyclists, whereas decreases were observed with paraplegia compared with cor-
responding controls [21]. This increase in flow capacity to the major muscle groups
of highly trained individuals could contribute to the greater exercise capacity
exhibited by these individuals. Capillarity in active skeletal muscle is significantly
increased by endurance exercise training although the increase in the heart muscle
is less well established.

In this regard, laboratory studies indicate muscle mass loss [23], increased
number of fast-twitch fibers, decreased slow-twitch fibers [24], and restriction of
skeletal muscle blood flow in humans [25] and animals [26] after myocardial infarc-
tion. In addition, systemic blood flow in the skeletal muscle of mice with heart
failure decreases at rest and during physical activity [27]. Experimental studies at
the capillary level show that capillary density parameters [28] and capillary/fiber
ratio (CF ratio) decrease following myocardial infarction. On the other hand, at the
arteriole level, the arteriole tonic sympathetic vasoconstriction activity increases
that decreases the arteriolar diameter and elasticity capacity [29].

A remaining question is what signaling cascade within the muscle fibers decodes
muscle contractile activity signals in regulating VEGF expression. Mechanistically,
the functional role of PGC-1a in exercise-induced VEGF expression and angio-
genesis is dependent on the upstream p38 mitogen-activated protein kinase (p38y¥
MAPK) [30] and the downstream ERRa [31]. Interestingly, transgenic mice with
muscle-specific expression of an inactive form of 5'-adenosine monophosphate-
activated protein kinase (AMPK) have lower capillarity compared with the wild-
type littermates, but have normal-induced angiogenesis in response to voluntary
running exercise [32, 33].

The importance of other growth factor pathways remains to be elucidated.
Although several signaling pathways have been identified (Figure5), significant
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Proposed model including intracellular signaling and growth factor regulation in skeletal muscle. Solid lines
(—) ave established pathways. Dashed lines (- -) are hypothesized pathways [34].

work remains on understanding the intracellular signaling pathways and transcrip-
tion factors involved in basal- and exercise-induced angiogenesis [34].

It is well known that the vascularization of skeletal muscle adapts to various
physiological and pathological conditions such as fiber type, gender, aging, obesity,
and diabetes.

3. Fiber type and vascularization

The skeletal muscle is composed of a combination of different muscle fiber
types: I, IIa, and I1d/x. Fast- and slow-twitch fibers have different phenotypes with
Type I fibers demonstrating the greatest and Type IId/x fibers demonstrating the
least mitochondrial volume and capillarization.

It has been confirmed that muscle fibers with a high oxidative potential are
related to a denser capillary network. This would mean that highly oxidative fibers
require a higher rate of oxygen delivery than nonoxidative fibers; therefore, they
must be better supplied with a capillary network [35].

Capillary density did not always correlate with oxidative capacity or maximal
blood flow.

Previous studies demonstrated that after triiodothyronine administration,
rat soleus and white area of the medial head of gastrocnemius muscle capillarity
are promoted, whereas the oxidative capacity increased in the soleus only [36].
Therefore, in strait skeletal muscles, oxidative capacity is not the only factor that
determines capillarity. On the other hand, it is likely that anaerobic waste accumula-
tion stimulates vascularization in glycolytic regions of rat skeletal muscles, which is
not accompanied by changes in oxidative metabolism [37, 38].

Already, at first, some researchers showed that capillary density is not related to
the type of muscles, but hypothesized that the mean number of capillary profiles
around a fiber for red and white muscles due to the size of the fiber. Sullivan and
Pitman confirmed that capillaries around glycolytic fibers must supply blood
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stream to a greater volume of a muscle fiber than capillaries serving oxidative fibers
[39]. In this regard, independent of fiber type in human muscles, there is a positive
correlation between local capillary-to-fiber ratio (LCFR) and fiber area [40].

Cebasek and co-workers showed that the length of capillaries per unit fiber
length was larger in Soleus (Slow muscle) than in Extensor Digitorum Longus
(EDL, Fast muscle) muscle. On the other hand, these researchers showed that
capillary length per unit fiber volume was larger in EDL muscle. There was no
difference in the length of capillaries per unit fiber surface area between the two
muscles. Oxidative and glycolytic fibers differ in the length of capillaries per
unit fiber surface area. This parameter probably reflects the oxidative capacity of
muscle fibers [41].

Ranjbar et al. showed that the pattern of vascularization in response to exercise
training is different between fast- and slow-twitch muscles. We showed that the
10-week exercise training significantly increased capillary density and capillary-to-
fiber ratio (P < 0.05) in slow-twitch muscle, but did not change fast-twitch muscle
capillary density and capillary-to-fiber ratio. Furthermore, arteriolar density in
fast-twitch muscle increased remarkably (P < 0.05) in response to training, but
slow-twitch muscle arteriolar density did not change in response to exercise in
chronic heart failure rats. HIF-1 increased (P < 0.01) but VEGF and FGF-2 mRNA
did not change in slow-twitch muscle after training. In fast-twitch muscle, HIF-1
mRNA increased (P < 0.05), and VEGF and angiostatin decreased (P < 0.01)
significantly after training. We concluded that endurance training ameliorates fast-
and slow-twitch muscle revascularization nonuniformly in chronic heart failure rats
by increasing capillary density in slow-twitch muscle and arteriolar density in fast-
twitch muscle. The difference in revascularization at slow- and fast-twitch muscles
may be induced by the difference in angiogenic and angiostatic gene expression
response to endurance training [42].

In this regard, we showed that smaller arterioles decreased in cardiac after myo-
cardial infarction. Aerobic training and l-arginine increased the number of cardiac
arterioles with 11-25 and 26-50 pm diameters parallel to TGF-f overexpression.

In gastrocnemius muscle, the number of arterioles/mm2 was only increased in the
11-25 pm in response to training with and without I-rginine parallel to angiostatin
downregulation. Soleus arteriolar density with different sizes was not different
between experimental groups. Results showed that 10 weeks aerobic exercise
training and l-arginine supplementation promotes arteriogenesis of heart and
gastrocnemius muscles parallel to overexpression of TGF-f and downregulation of
angiostatin in myocardial infarction rats [43].

On the other hand, Panisello et al. showed that SO fibers are more sensitive
to intermittent hypobaric hypoxia than both fast fiber types [44]. Furthermore,
Murakami et al. showed that capillary-to-fiber ratio, Microvessel diameter, expres-
sion level of VEGF, and number of microvessels in the soleus were significantly
higher than those in the EDL muscle [45].

In conclusion, capillary supply is evidently well adapted to different muscle fiber
types; consequently, an average capillary supply of heterogeneous muscle depends
on the muscle composition.

4, Gender

Numerous studies have reported on the physiological differences among gen-
ders, but the effect of gender on neovascularization of skeletal muscle is not yet
clear, and research in this field is limited.
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Robbins et al. showed that men had a greater capillary-to-fiber ratio than
women. However, capillary density per square millimeter was not different between
men and women [46]. Also, Kyriakides et al. showed that gender does not influence
angiogenesis and arteriogenesis in the rabbit model of chronic hind limb ischemia
[47]. Opposite to these findings, Keteyian et al. showed that capillary density at
baseline was significantly greater in men (1.42 + 0.08 endothelial cells x fiber D)
than in women (1.12 + 0.03 endothelial cells x fiber™) [48].

5. Aging

Aging effects on the structure and function of skeletal muscles have been
intensely studied for decades; however, age-related changes in skeletal muscle capil-
larity still remain controversial [49].

Studies in both humans and animals have also produced conflicting results in
skeletal muscle capillarity, with results in increases [50, 51], decreases [52, 53], or
no change [54] in muscle capillaries with advancing age. These inconsistent reports
could be due to a difference in factors, such as muscle type, fiber-type composition,
and how this composition changes during aging, as well as to differences in subject
activity levels and gender [55].

In general, it is believed that aging reduces the ability of an organism to respond
to different types of stress [56]. For example, the angiogenic response to hind
limb ischemia is impaired in aged compared with young mice [57, 58]. Researchers
showed reduced angiogenic capacity in skeletal muscle with aging. Reduction of
muscular oxidative capacity attainable through training in elderly people is related
to the reduction in fitness that typically occurs in this population. The decrease in
muscle blood flow in the aging period is related to altered reactivity of resistance
arteries and arterioles, with impairment of both vasodilator and vasoconstrictor
responses as a consequence of endothelial dysfunction [21]. Whilst aging and
sedentary life style both lead to structural and functional impairment in skeletal
muscle blood supply network, it is not yet clear whether impaired angiogenesis is
an indirect response to reduced flow capacity. It is clear that reduction of VEGF
secretion with maintaining of the ability to respond to exogenous cytokines is due
to endothelial cell dysfunction with aging [21].

6. Obesity

Obesity is a major health problem in the United States and many other developed
countries. Several lines of evidence have demonstrated that the capillary density
and oxidative capacity appear to be more strongly correlated with insulin sensitivity
and body fatness than the prevalence of a specific fiber type [59].

Increasing adiposity is associated with lower skeletal muscle oxidative capacity
and capillarization. Plasma insulin elevation does not result in insulin increment
in the interstitial space concentration between the capillary and muscle fiber [60],
suggesting that a limit may exist in the diffusional conductance of insulin in skeletal
muscle.

Research studies have shown that there are associations between lower insulin
action and a lower muscle capillary-to-fiber area ratio in obese muscle. It is likely
that compared with lean individual, a delayed transport of insulin over the capil-
lary wall may be attributed to lower skeletal muscle capillary density in obese
individuals [61].
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Figure 6.
Interactions between expanding adipose tissue and the endothelium [64].

In this regard, researchers showed that VEGF circulation, myocardial VEGF
expression, and VEGF receptor 2 [kinase insert domain-containing receptor (KDR)
human/Flk-1 murine analog] were not different between lean and obese individu-
als, but VEGF receptor 1 (Flt-1) is lower in obese compared with lean Zucker rats
[62, 63]. Gavin et al. showed lower capillary density but no difference in VEGF
expression in obese versus lean young skeletal muscle in humans [61].

The interactions between expanding adipose tissue and the endothelium via
adipokine secretions are shown in Figure 6 [64].

7. Diabetes

Another factor that affects the process of neovascularization in skeletal muscle
is diabetes. Diabetes is a risk factor for peripheral vascular diseases, and it is associ-
ated with impaired collateral vessel growth in skeletal muscle. Diabetes, in turn,
has been demonstrated to impair skeletal muscle and cardiac angiogenesis, and the
mechanisms underlying this have generated much interest recently. Both type 1 and
type 2 diabetes have been shown to affect angiogenic growth factors and inhibitors
in skeletal muscle [65, 66].

Several proangiogenic protein gene expressions decreased and increased those
of antiangiogenic ones in in diabetic mouse skeletal muscle [66]. Hence, the imbal-
ance between stimulators and inhibitors may lead to peripheral cardiovascular
complications in diabetes [67, 68].

8. Angiogenic factors

To better understand the neovascularization of skeletal muscle, it is important
to understand the current state of knowledge regarding different factors possessing
angiogenic properties. The process of angiogenesis in skeletal muscle is controlled
by a number of factors that are released in the tissues surrounding the small vessel
involved, and it is thought to be controlled by net balance between pro-angiogenic
(angiogenic) and anti-angiogenesis (angiostatic) factors. In skeletal muscle, the
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balance of proangiogenic factors with antiangiogenic factors controls the extent
of microvascular growth. For angiogenesis to occur, the balance of proangiogenic
and antiangiogenic factors must favor the proangiogenic factors, and this has been
termed the “angiogenic switch”.

Therefore, a brief summary about the most well-known angiogenic (VEGF, FGF,
and TGF) and angiostatic factors (endostatin, angiostatin, and thrombospondin-1)
is presented here.

8.1 VEGF

Vascular endothelial growth factor (VEGF) is a 45 kDa secretable basic
heparin-binding homodimeric glycoprotein. The human VEGF gene has been
assigned to chromosome 6p21.3. Hypoxia is the main stimulus for VEGF pro-
duction/expression. Observational studies support VEGF expression as an
important factor for regulating skeletal muscle angiogenesis in both humans
and animals [69, 70]. In patients with chronic disease conditions (e.g., chronic
obstructive pulmonary disease, heart failure, and diabetes), as well as aging,
locomotor skeletal muscle VEGF expression has also been reported to be lower,
and these individuals often exhibit muscle weakness, reduced physical activ-
ity, and loss of skeletal muscle vascular density. A similar phenotype is found
in sedentary (untrained) myocyte-specific VEGF gene ablated mice, which
exhibit impaired exercise capacity and >50% loss of skeletal muscle microvessel
density [71]. The human VEGF gene contains eight exons, seven introns, and a
14 kb coding region. VEGF has six different isoforms including VEGF165 (the
predominant isoform), VEGF121, VEGF145, VEGF183, VEGF189, and VEGF
206 [72].

Binding of VEGF to the Flt-1 and KDR surface receptors activates their tyrosine
kinase function resulting in enhanced endothelial cell proliferation, migration,
vascular permeability, and protease activity [72, 73]. Figure 7 shows several VEGF
receptor signal transduction pathways that are known thus far.

8.2FGFs

Currently, the family of FGFs consists of more than 20 members with 30.70%
homology. FGFs are multifunctional proteins that bind to five cell membrane
tyrosine kinase receptors (FGFR-1.5) and stimulate proliferation of a variety of
cell types, including endothelial cells (ECs) and smooth muscle cells (SMCs). FGFs
play a role in development, tissue regeneration, hematopoiesis, angiogenesis, and
tumorigenesis. In vitro FGF-1, -2, -4, and -9 exert the highest mitogenic activity. Of
these, FGF-1 and FGF-2 have previously been shown to induce therapeutic angio-
genesis in vivo [75]. To the best of our knowledge, there are no published data about
the potency of FGF-4 and FGF-9 in animal models [76].

8.3 Transforming growth factors (TGF-b) and platelet-derived growth factors
(PDGF-BB)

Unlike VEGF and FGF, which are directly involved in the angiogenic process,
TGF-b and PDGF-BB indirectly contribute to the angiogenic process. Mice lacking
these two indicators die in utero due to defects in the process of vascular matura-
tion. TGF and PDGF shear stress elements mediate upregulation of these factors in
endothelial cells in response to increased shear stress in vitro.
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Figure 7.
VEGEF receptor signal transduction. Several signal transduction pathways are activated by the binding of
VEGF to its receptor, leading to increased proliferation, survival, permeability, and migration of cells [74].

PDGEF also stimulates the proliferation of cultured smooth muscle cells and
pericytes, both of which have been shown to express PDGF-b receptor [77].

TGF-b can control cell adhesion by regulating production of the extracellular
matrix, stimulate or inhibit cell proliferation, protease inhibitors, and integrins,
and induce cellular differentiation [78]. Much evidence points to an important role
for TGF-b in the vasculature. It is clear that TGF-b recruits pericytes and smooth
muscle cells in the arteriogenesis process [1].

8.4 Angiopoietin

During development and angiogenesis in adult tissue, there is a close rela-
tionship between a new group of factors, angiopoietins, and VEGF. The angio-
poietins include angiopoietin 1 (Ang-1) and angiopoietin 2 (Ang-2). Similar
to VEGF, angiopoietin receptors are located on the endothelial cells. For this
reason, their function has been observed on endothelial cells. [79, 80]. Binding
of Ang-1 to its receptors (Tie-2) maintains and stabilizes mature vessels by
promoting interaction between the endothelial cells and surrounding cells [73].
In contrast, Ang-2 is thought to block the Tie-2 receptor and leads to vessel
regression [73, 81]. It should to be noted that angiopoietins function depending
on the VEGF present.

8.5 MMPs

Matrix metalloproteinases (MMPs) are a large family of protease enzymes and
26 members have been identified. Homeostasis of the extracellular matrix (ECM) in
skeletal muscle dependent on MMP and TIMP balances [82]. The balance between
angiogenic and anti-angiogenic factors interfere by MMPs via invoking angiogenic
factors.
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The ECM surrounds muscle fibers. ECM supports and protects muscle fiber
and has a pivotal role in maintaining functional integrity of the fibers. Increased
or decreased contractile activity of skeletal muscle promotes remodeling of the
ECM. ECM degradation is a key step in the process of angiogenesis. Endothelial
cells, stimulated by growth factors, produce MMPs that break down the cell mem-
brane in physiological PH. Evidence is available that refers to the role of MMPs in
the separation of smooth muscle cells from the extracellular matrix, and this allows
the migration to cells [83].

Although several MMPs are found in skeletal muscle, mainly MMP-2 and
MMP-9 play a more important role in skeletal muscle. MMP-2 and MMP-9 play
an important role in skeletal muscle adaptation to changing contractile demands
and to response to injury. MMP-2 and MMP-9 degrade type IV collagen and have
important functions in homeostasis of the ECM during morphogenesis, prolifera-
tion, and cell apoptosis in a wide range of tissues. Expression of MMP-2 in skeletal
muscle was increased following administration of chronic electrical stimulation,
and expression of MMP-9 was increased after exposure to a chronic increase in

blood flow [84].
8.6 Integrins

The communication between endothelial cells and the surrounding tissue
(extracellular matrix: ECM) is affected by stretching via various mechanisms.
Integrins are heterodimeric cell-surface receptors that link the cytoskeleton to the
ECM,; therefore, according to their status, integrins are involved in the vasculariza-
tion process. One member of the integrin family, integrin avp3, is expressed on the
surface of newly formed cells but is barely detectable in mature vessels. Differential
expression of the alpha v family members may play a role in EC migration and
apoptosis, though their role appears to be more complex than at first thought due
to bidirectional signaling properties. Furthermore, interfering with integrin o, f;
induces programmed cell death (apoptosis) in proliferating endothelial cells, which
suggests its importance for the angiogenic process [80, 85, 86].

8.7 Follistatin-like 1

Follistatin-like 1 (FstlI1), also referred to as TSC36, is an extracellular glycopro-
tein that, despite limited homology, has been grouped into the follistatin family of
proteins. Fstll is poorly understood with regard to its functional significance.

Studies indicated that Fstl1 is a secreted muscle protein or myokine that can
function to promote endothelial cell function and stimulates revascularization in
response to ischemic insult through its ability to activate Akt eNOS signaling [87].

8.8 Angiomotin

Angiomotin was recently identified as a new pro-angiogenic molecule.
Angiomotin was detected at the surface of blood vessels of both healthy and
pathological tissues such as placenta, retina, Kaposi’s sarcoma, and breast tumors.
Alternative splicing of angiomotin mRNA results in two protein isoforms of 80 and
130 kDa that exert very distinct roles during angiogenesis [88]. The p80 angiomotin
isoform strongly stimulates iz vitro and in vivo the migration of endothelial cells, a
key event of the angiogenic process. Interestingly, angiostatin binding to angiomo-
tin extracellular domain strongly inhibits such an effect. In contrast, p130 angiomo-
tin isoform only exerts a very weak stimulatory effect on endothelial cell migration.
The p130 protein was identified as tightly associated to cytoskeleton actin filaments
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and highly involved in vessel stabilization and maturation [89]. Interestingly,
skeletal muscles represent the most abundant tissue of the body and they express
high levels of angiomotin. Moreover, microcirculation is a critical component of
muscle function since capillaries provide myofibers with oxygen and nutriments,
and remove carbon dioxide and metabolic waste. As myofibers respond to physi-
ological or pathological conditions with a remarkable plasticity, it is crucial that
the microcirculation remains well matched with the myofibers’ needs in order to
preserve muscle function. Depending on conditions, such muscle angio-adaptation
can involve either angiogenesis or some vascular regression. Given its role not only
during angiogenesis but also for vessel stabilization and maturation, angiomotin
might thus represent an important factor in muscle angio-adaptation. To date,
angiomotin expression in skeletal muscle has never been investigated in response to
physiological or pathological conditionings [89].

8.9 EPH-B4/EPHRIN-B2

A unique class of receptor/ligand pair, Eph receptors and ephrin ligands, plays a
prominent role in blood vessel development. Interestingly, not only does an ephrin
expressed on the surface of one cell bind and activate its cognate Eph receptor
on another cell, but through a reciprocal signaling mechanism the ephrin is also
activated upon receptor engagement [90].

Ephrin-B2 as a member of the ephrin family is explicit on arterial endothelial
cells, and its receptor eph-B4 is localized to venous endothelial cells.

Interaction of ephrin-B2 and its receptor has determined the primary capillary
plexus after vasculogenesis [91]. The exact role of this interaction in the angiogenic pro-
cess is not completely clear. But what has been approved is that establishment of contact
and signaling between arterial and venous compartments mediated by ephrin-B2 and
eph-4B is necessary for remodeling of the established primary capillary plexus [1].

9. Angiostatic factors

Vascularization can be suppressed at any of a number of key steps in this process
by endothelial growth cycle disruption in which a quiescent vessel becomes an
actively growing and invading endothelial tube.

In this regard, vasculogenesis can be blocked by different factors.
Degradation of the extracellular matrix by activated endothelial cells can also be
prevented, which suppresses sprouting and invasion of growing capillaries into
their surroundings. Alternatively, endothelial cell proliferation can be inhibited
by agents that block signaling within the cell and arrest its division cycle or by
agents that prevent the maturation of nascent endothelial cells into functional
tubes .Finally, endothelial cells can be forced to apoptose, which destroys the
existing vessels and thereby impairs survival of vessel and metastasis through
the vascular route.

In addition to the numerous factors that stimulate angiogenesis, both physiologi-
cally and pathologically, many substances including those mentioned above can
inhibit blood vessel growth.

9.1 Angiostatin
Angiostatin is an internal fragment of plasminogen. Angiostatin was the first

proteolytic fragment described with anti-angiogenic activity, derived from plas-
minogen via MMP degradation of plasmin.
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Inhibition of NOS increased the expression of angiostatin and activities of
MMP-2 and MMP-9 which generate it, suggesting that compromised NO produc-
tion may lead to impaired angiogenesis during endothelial dysfunction. Whether
there is any role in modulating flow-mediated angiogenesis is unknown. Four
potential “receptors” for angiostatin have been identified: integrin a,f;, ATP syn-
thase, angiomotin, and the NG2 chondroitin sulfate proteoglycan (CSPG).

9.2 Endostatin

Endostatin is a 20-kDa carboxyl terminal proteolytic cleavage fragment of
collagen type XVIII [92]. It is thought to be generated through a two-step process,
as follows: a metal-dependent early cleavage of collagen type XVIII, followed by
cleavage at an Ala-His site. It is not entirely clear which protease(s) is responsible
for endostatin generation from collagen type XVIII in vivo, as multiple proteases
can cleave recombinant fragments of human collagen type XVIII to generate
endostatin-like fragments. In a study testing approximately 12 different proteases,
elastase and cathepsin-L were the only two proteases found to efficiently cleave
fragments of recombinant human collagen type XVIII, generating endostatin-like
fragments. In support of a role for cathepsin-L in the generation of endostatin,
cathepsin-L can proteolytically generate endostatin from its precursor in murine
hemangioendothelioma cells propagated in vitro. Endostatin was originally
reported to inhibit the proliferation of bovine capillary endothelial cells, but not
the proliferation of cells of nonendothelial origin, and to also inhibit angiogenesis
in the chick chorioallantoic membrane model [92] . Endostatin receptors that
mediate the biological effects of endostatin are not yet clear. In this regard, research
studies have shown that endostatin has the ability to bind to various cell surface
molecules such as glypican, integrin a581, tropomyosin, and the VEGF receptor
KDR/Flk-1 [93, 94].

9.3 Thrombospondin-1

Thrombospondin-1 (TSP-1) is a large (~450 kDa) multifunctional
homotrimeric matrix glycoprotein whose action primarily serves to inhibit
angiogenesis. Originally found to be stored and secreted in platelet a-granules,
TSP-1 is now known to be produced by a wide variety of cells, including fibro-
blasts, keratinocytes, neutrophils, and macrophages and is believed to be a
major secretory product of vascular smooth muscle and endothelial cells. The
actions of TSP-1 include participation in platelet aggregation, inhibition of
proteolytic enzymes, inhibition of endothelial cell proliferation, diminution of
cell spreading, disruption of focal (cell-to-matrix) adhesions, and inhibition
of angiogenesis in vitro and in vivo. However, the physiological relevance of
TSP-1 in regulating skeletal muscle angiogenesis is not known. In these regard,
Malek et al. showed that TSP-1 is an important endogenous negative regulator
of angiogenesis that prevents excessive capillarization in the heart and skeletal
muscles [95].

9.4 TIMPs

TIMPs inhibit MMP activities. Of the four TIMPs (TIMP-1, TIMP-2, TIMP-3,
and TIMP-4) identified so far, TIMP not only has a direct effect on the growth and
migration of endothelial cells, but also affects the extracellular matrix, which is an
essential component of angiogenesis responses. The balance between stimulants
and inhibitors of MMPs is a key step in the angiogenesis regulation. TIMP-1 and
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TIMP-2 block the release of MMP-2 and MMP-9 zymogens, respectively. This factor
reduces VEGF gene expression.

TIMP-1 is the most abundant type of TIMPs. TIMP-1 is a glycoprotein with a
weight of 25.8 kDa and 184 amino acids, which has a variety of functions, such as
growth factor activity, stimulation of morphological changes in cells, and preven-
tion of angiogenesis. TIMP-1 with different gravities interacts with all known
MMPs.

TIMP-2 is a nonglycolytic protein weighing 21 kDa and 196 amino acids, which
prevents tumor growth. This protein mainly attaches to MMP-2. Of course, this
factor, like TIMP-1, has the ability to connect to all MMPs.

TIMP-3 is a protein with a weight of 41 kDa and 188 amino acids, which causes
cell death. This angiostatic factor specifically results in the deactivation of MMP-1,
MMP-2, MMP3, and MMP-9. In this regard, TIMP-4 specifically connects to the
MMP-2 and inhibits biological effects of MMP-2 [94].

9.5 Interferons

Interferons (INF-a, b, and g) are members of a family of secreted glycopro-
teins that were initially characterized for their antiviral effect. Interferons inhibit
angiogenesis [96]. It is likely that IFN-a and IFN-b lead to downregulation of bFGF
mRNA and protein levels [97] as well as its inhibitory effect on endothelial cell
migration [1].

10. Conclusions

It is clear that a single paradigm cannot be used to encompass the unique pat-
terns of capillary growth observed in response to various angiogenic stimuli. Over
the past decade, novel markers of neovascularization in skeletal muscle have been
identified, both at molecular and genetic levels, consequently leading our under-
standing of the molecular mechanisms involved in neovascularization of skeletal
muscle to new heights. We have reviewed that the EC response during physiological
angiogenesis within skeletal muscle is potentially sensitive to the hypoxia, shear
stress, mechanical stimulus, and adenosine. A complex mix of humoral/metabolic
and mechanical stimuli works coordinately within muscle to provide the cues that
stimulate vascularization. The intricacies of these signaling pathways and levels
of crosstalk between pathways remain to be elucidated. Although we still require
delineation of signaling pathways evoked by individual angiogenic stimuli, a major
goal for future research will be to determine how multiple stimuli are integrated
within the capillary to determine a particular pattern of capillary growth. As
mentioned, the process of vascularization in skeletal muscle depends on many
factors such as angiogenic and angiostatic factors, but how their participation in
the process of vascularization in the type of skeletal muscle fibers is not yet clear.
Several key questions about the process of vascularization in skeletal muscle still
remain to be addressed. For example: what is the relationship between intussuscep-
tion, sprouting, angiogenic, and angiostatic factors and the type of skeletal muscle
fibers? What is the relationship between angiogenesis factors secreted from muscle
fibers and myosin heavy chains?
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