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background: It is well established that tumors are dependent on angiogenesis for their growth and survival. Although uterine fibroids are
known to be benign tumors with reduced vascularization, recent work demonstrates that the vasculature of fibroids is grossly and microscopically
abnormal. Accumulating evidence suggests that angiogenic growth factor dysregulation may be implicated in these vascular and other features of
fibroid pathophysiology.

methods: Literature searches were performed in PubMed and Google Scholar for articles with content related to angiogenic growth factors
and myometrium/leiomyoma. The findings are hereby reviewed and discussed.

results: Multiple growth factors involved in angiogenesis are differentially expressed in leiomyoma compared with myometrium. These
include epidermal growth factor (EGF), heparin-binding-EGF, vascular endothelial growth factor, basic fibroblast growth factor, platelet-
derived growth factor, transforming growth factor-b and adrenomedullin. An important paradox is that although leiomyoma tissues are
hypoxic, leiomyoma feature down-regulation of key molecular regulators of the hypoxia response. Furthermore, the hypoxic milieu of leiomyoma
may contribute to fibroid development and growth. Notably, common treatments for fibroids such as GnRH agonists and uterine artery
embolization (UAE) are shown to work at least partly via anti-angiogenic mechanisms.
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conclusions: Angiogenic growth factors play an important role in mechanisms of fibroid pathophysiology, including abnormal vasculature
and fibroid growth and survival. Moreover, the fibroid’s abnormal vasculature together with its aberrant hypoxic and angiogenic response may
make it especially vulnerable to disruption of its vascular supply, a feature which could be exploited for treatment. Further experimental
studies are required in order to gain a better understanding of the growth factors that are involved in normal and pathological myometrial angio-
genesis, and to assess the potential of anti-angiogenic treatment strategies for uterine fibroids.
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Introduction
Uterine leiomyomas (fibroids or myomas) are the most common tumor
of the female reproductive tract, found in up to 70% of Caucasians and
80% of African-American women by the age of 50 (Baird et al., 2003).
They are monoclonal tumors, arising from a single smooth-muscle cell
(SMC; Bowden et al., 2009). Although the majority of leiomyomas are
asymptomatic, up to 20% cause symptoms, which include excessive
and irregular bleeding and anemia, pelvic pain, bowel and bladder dys-
function and pain during intercourse (Marsh and Bulun, 2006). More-
over, leiomyomas have been associated with infertility and recurrent
miscarriage (Farhi et al., 1995; Eldar-Geva et al., 1998; Surrey et al.,
2001). Leiomyomas are a major public health-care burden, being the
most common indication for hysterectomy, and were estimated to add
34 billion dollars annually to US health-care expenditures (Farquhar
and Steiner, 2002; Cardozo et al., 2012). Despite this, the etiology of
these common tumors is still largely unknown and effective treatment
strategies are limited by the narrow understanding of the pathogenesis
of this disease. Growth of leiomyomas is dependent on gonadal steroids;
they are diagnosed only after menarche and they regress after meno-
pause (Okolo, 2008). It is known that there are increased numbers of
gonadal steroid receptors in fibroids compared with normal myome-
trium (Wilson et al., 1980; Tamaya et al., 1985). In addition, black race,
age, nulliparity and obesity are risk factors for leiomyoma development
(Okolo, 2008).

A genetic predisposition to leiomyomas appears to be present as a fa-
milial associationhasbeenshown(Vikhlyaevaetal., 1995) andmonozygot-
ic twins’ concordance for uterine leiomyoma diagnosis is almost twice that
of dizygotic twins (Treloar et al., 1998). In addition, rare genetic conditions
such as hereditary leiomyomatosis and renal cell cancer (HLRCC) and
Alport syndrome development of feature leiomyoma (Launonen et al.,
2001;Ulianaetal., 2011).Moreover, two recent genome-wideassociation
studies identified several single nucleotide polymorphisms that are signifi-
cantly associated with uterine leiomyoma diagnosis (Cha et al., 2011;
Eggert et al., 2012). Leiomyomas show a very limited malignant potential
with transformation to malignancy occurring in ,1% of tumors. Cytogen-
etically, the majority of uterine fibroids (60%) are chromosomally normal
and the remainder share similar tumor-specific chromosomal rearrange-
ments that are associated with tumor growth (Levy et al., 2012).

Histologically, leiomyomas are well-encapsulated tissues that consist
of SMCs and connective tissue fibroblasts. Recent molecular evidence
supports a major role for genes involved in fibrosis and extracellular
matrix (ECM) production in the pathophysiology of this disease, as
these account for 30% of the altered gene expression between leiomyo-
mas and normal myometrium (Leppert et al., 2006). Although fibroids
are clonal in origin, considerable heterogeneity exists and fibroids vary
greatly in size, location and appearance even within the same uterus. In

addition, fibroids from the same woman grow at very different rates
with some regressing, despite a uniform hormonal milieu (Peddada
et al., 2008). Moreover, fibroid characteristics such as size, location
and ultrasonographic blood flow do not correlate with fibroid growth,
uterine bleeding or other symptomatology (Peddada et al., 2008; Tsili-
giannis et al., 2013), and further research is needed to identify other bio-
logical or molecular factors that determine fibroid behavior.

In recent years, angiogenesis and vascularization have been regarded
as crucial factors controlling the growth of tumors (Folkman, 2006). Clas-
sical studies suggest that fibroids have an abnormal vasculature and are
generally much less vascular than the surrounding myometrium
(Sampson, 1912; Faulkner, 1944; Farrer-Brown et al., 1970). This
decreased vasculature likely accounts for the severe hypoxia noted in
fibroid tissue (Mayeret al., 2008). Moreover, accumulating molecular evi-
dence suggests that expression of multiple angiogenic factors is dysregu-
lated in fibroid tissue. Understanding this vascular dysregulation may help
to delineate the pathophysiology of this important disorder, and may lead
to innovative targeted treatments.

This article will discuss normal angiogenesis in the uterus as a basis for
the molecular understanding of the pathophysiology of leiomyomas. This
will be followed by a review of the abnormal vasculature and angiogenic
factor dysregulation which characterize leiomyomas when compared
with normal myometrium. After reviewing the aberrant hypoxic re-
sponse that underlies leiomyoma pathophysiology, and how this may
be linked to leiomyoma growth and vascularization, we discuss possible
therapeutic implications in light of the understanding of leiomyoma vas-
cular biology.

Methods
A comprehensive literature search was performed using PubMed and Google
Scholar to identify relevant studies on angiogenic growth factors and myome-
trium/leiomyoma. The searches included combinations of the following key
words: angiogenesis, vasculature, angiogenic growth factors (EGF, HB-EGF,
VEGF, bFGF, PDGF, TGF-b and adrenomedullin), myometrium, leiomyoma,
leiomyosarcoma, HLRCC, hypoxia, hypoxia-inducible factor-1a, PI3/AKT/
mTOR pathway, GnRH agonist, progesterone receptor modulator, uterine
artery embolization (UAE), laparoscopic uterine artery occlusion and anti-
angiogenic. Bibliographies were cross-referenced to identify additional
studies. All relevant articles and additional articles cited in primary references
are included.

Angiogenesis in the uterus
Angiogenesis is the formation of new blood vessels from pre-existing
ones, and is an essential process for tissue growth and development.
Angiogenesis in the adult is usually associated with pathological condi-
tions such as wound healing, retinopathy, ischemia and tumor formation
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(Torry and Rongish, 1992). The female reproductive tract (i.e. ovary,
uterus and placenta) is unique since, in the adult, these tissues normally
undergo physiological angiogenesis. These tissues undergo cyclic
changes in angiogenesis necessary to supply the nutrients and
hormone precursors essential for the establishment and maintenance
of pregnancy (Fraser and Lunn, 2000; Smith, 1998). In order to
support their rapid periodic growth and regression, equally dynamic
microvascular growth and development occur, accompanied by dramat-
ic changes in blood flow to these tissues (Jaffe, 2000; Reynolds et al.,
2002).

New blood vessel growth can occur by four different mechanisms in
the adult: sprouting, intussusception, vessel elongation and vasculogen-
esis (Gargett and Rogers, 2001). Classical angiogenesis or sprouting
begins with capillary formation and culminates in formation of a new
mature microcirculatory bed composed of arterioles, capillaries and
venules (Carmeliet, 2003; Fig. 1). The process involves an interaction
between the blood vessels themselves and their surrounding ECM.
The sequence of events that occurs in sprouting is: (i) basement mem-
brane degradation and ECM remodeling, (ii) endothelial cell migration,
(iii) endothelial cell proliferation and (iv) capillary tube formation and sta-
bilization (Torry and Rongish, 1992). Basement membrane degradation
and ECM remodeling occur by the action of proteinases, including plas-
minogen activator, matrix metalloproteinase, tissue inhibitor of metallo-
proteinase, heparinase, chymase, tryptase and cathepsin (Luttun et al.,
2000; Pepper, 2001; Jackson, 2002). Subsequently, endothelial cell pro-
liferation and migration are mediated mainly through vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF) and platelet-
derived growth factor (PDGF; Carmeliet, 2003). Once the initial capillary
structure is formed, stabilizing factors such as PDGF, transforming
growth factor-b (TGF-b) and angiopoietin-1 lead to SMC recruitment,
differentiation and vessel stabilization (Carmeliet, 2003; Jain, 2003). In
contrast, angiopoietin-2 and other inhibitors of angiogenesis lead to
vessel destabilization and regression, and ultimately, it is the interplay
between these factors that determines the neovessel’s fate (Carmeliet,
2003). Intussusception is the process in which the vessel’s lumen is

divided into two internally by the inward migration of proliferating endo-
thelial cells, producing a network of interlocking vessels (Risau, 1997;
Fig. 1). Elongation occurs in growing tissues as existing vessels constantly
restructure in response to the metabolic demands of the surrounding
cells, a process also known as remodeling or pruning (Risau, 1997;
Fig. 1). Vasculogenesis, the process of de novo formation of new blood
vessels from endothelial cell precursors, has been shown to occur in
the post-natal period (Asahara et al., 1999). More recently, it was
demonstrated that circulating endothelial progenitor cells incorporate
into growing vessels, thus contributing to uterine vasculogenesis
(Masuda et al., 2007; Fig. 1).

The sex steroids estrogen and progesterone appear to be the primary
regulators of uterine angiogenesis in all mammalian species (Hyder and
Stancel, 2000; Reynolds and Redmer, 2001; Fraser and Duncan,
2009). To date, the growth factors with angiogenic activity (see Fig. 1)
known to be expressed in the myometrium are: epidermal growth
factor (EGF) (Yeh et al., 1991; Dixon et al., 2000), heparin-binding EGF
(HB-EGF) (Mangrulkar et al., 1995; Nowak, 2000), VEGF (Harrison-
Woolrych et al., 1995; Dixon et al., 2000; Sanci et al., 2011), basic FGF
(bFGF) (Pekonen et al., 1993; Mangrulkar et al., 1995; Anania et al.,
1997; Dixon et al., 2000), PDGF (Boehm et al., 1990; Mangrulkar
et al., 1995), TGF-b (Chegini et al., 1994; Tang et al., 1997) and adreno-
medullin (ADM) (Hague et al., 2000; Xu et al., 2006).

Fibroid vasculature:an angiogenic
perspective
The human uterus has an anastomotic blood supply arising from the
uterine, ovarian and vaginal arteries (Ramsey, 1994). Bilateral uterine ar-
teries penetrate the myometrium and give rise to the circumferential
arcuate arteries. These in turn branch to form the radial arteries,
which transverse the myometrium and perforate the endometrium as
small vessels, known as spiral arterioles (Ramsey, 1994). In his original
work a century ago, Sampson described vascular abnormalities within
fibroids and proposed that these may be associated with clinical symp-
toms of fibroids, such as abnormal uterine bleeding (Sampson, 1912).
Since Sampson’s early structural study, there has been a consensus
that small fibroids are significantly less vascular than the surrounding
myometrium, but structural studies regarding large fibroids have
reported conflicting data with some describing increased blood vessel
density (Sampson, 1912; Faulkner, 1944), while others observed the op-
posite (Farrer-Brown et al., 1970). Similarly, blood flow studies per-
formed in leiomyomas have reported conflicting results. Forssman
et al. (1976a, b) employing local intra-arterial injection of 133Xe, demon-
strated significantly lower blood flow in fibroids compared with the sur-
rounding myometrium. However, more recent studies using transvaginal
Doppler ultrasound have reported increased blood velocity and a lower
resistance index and pulsatility index (PI) in uterine and fibroid arteries of
leiomyomatous uteri when compared with uterine arteries of normal
uteri (Kurjak et al., 1992; Alatas et al., 1997). Several groups have
reported a positive correlation between blood flow and fibroid size
(Huang et al., 1996; Sosic et al., 1996; Alatas et al., 1997). It has also
been recognized that different regions exist within fibroids in terms of
blood perfusion (Forssman, 1976a; Kurjak et al., 1992). This differential
blood flow according to the fibroid size as well as the intratumor region
may account for the variability in reported results.

Figure 1 Mechanisms of blood vessel formation. Schematic repre-
sentation of the four mechanisms of blood vessel formation: angiogen-
esis by sprouting, intussusception and elongation and incorporation of
circulating endothelial progenitor cells (EPC) by vasculogenesis. Quies-
cent endothelial cells are depicted in blue, proliferating endothelial cells
are depicted in pink and endothelial progenitor cells are depicted in
green.

196 Tal and Segars



More recent studies employing various advanced quantitative techni-
ques have helped shed light on the issue of fibroid vessel density. Casey
et al. (2000) used immunohistochemical staining with the endothelial cell
markers CD31, CD34, factor VIII and lectin, demonstrating that the vas-
cular density of fibroids is decreased compared with the surrounding
normal myometrium. Using a similar technique, Poncelet et al. (2002)
found comparable findings. However, using CD31 immunostaining to
determine vascular density, Hauge et al. (2000) observed no differences
between fibroid and normal myometrium. Methodological differences
may account for the discrepant findings between these studies. While
Casey et al. (2000) and Poncelet et al. (2002) examined regions of high
vascular density using a digital image analyzer, Hauge et al. (2000) used
the Chalkley counting technique in a non-random fashion, which may
not reflect the true fibroid vascular density. Consistent with the findings
by Casey et al. (2000) and Poncelet et al. (2002) and using different
approaches, other investigators confirmed the decreased vascularity of
fibroid tissue compared with the surrounding myometrium (Walocha
et al., 2003; Aitken et al., 2006). Walocha et al. (2003) used a corrosion
casting technique combined with scanning electron microscopy to study
fibroid vasculature. This technique is thought to be one of the best cur-
rently available for morphological examination of vascular networks
(Lametschwandtner et al., 1990). Walocha et al. found the smallest
myomas (1–3 mm) to be almost avascular, being surrounded by a rela-
tively dense myometrial vascular network composed mostly of capillar-
ies. Larger fibroids (.1 cm) contained a chaotic network of blood
vessels, mostly capillaries, arterioles and venules, with generally lower
vascular density than unaffected myometrium. Again, larger fibroids
were surrounded by a dense ‘vascular capsule’ (Walocha et al., 2003).
Using stereological analysis, Aitken et al. (2006) demonstrated fibroids
to be relatively avascular in contrast to the vascularized peri-fibroid
tissue. The authors suggested that this vascular capsule region likely cor-
responds to the peripheral rim of well-vascularized vessels seen on ultra-
sound and used as the plane of tissue dissection in myomectomy. In
agreement with these studies, it was recently reported that the peri-
fibroid region has an increased blood flow, as measuredby Doppler ultra-
sound, compared with the fibroid (Tsiligiannis et al., 2013).

The unique vascular architecture of fibroids consisting of an avascular
core surrounded by a well-vascularized capsule is most likely due to an
angiogenic imbalance. While most studies have reported that fibroids
seem to have increased expression of pro-angiogenic factors, it is ultim-
ately the balance between angiogenic promoters and inhibitors that
determines vessel development (Carmeliet, 2003). There are several
possible explanations for the diminished fibroid vasculature despite an
increased presence of angiogenic factors, including an aberrant hypoxia
response, lack of response to angiogenic promoters and overexpression
of angiogenic inhibitors. One of the most potent stimuli for angiogenesis in
tumors is hypoxia and, as may be expected, the avascular fibroid tissue is
very hypoxic (Mayer et al., 2008). However, hypoxia-inducible factor-1a
(HIF-1a) expression, which is usually up-regulated in hypoxia, driving ex-
pression of multiple angiogenic factors and orchestrating the tissue adap-
tations to hypoxia (Vincent et al., 2002), was not identified in fibroid
tissue, in contrast to being up-regulated in leiomyosarcoma (Mayer
et al., 2010). This suggests an aberrant response of fibroids to tissue
hypoxia. This is a very important finding and could lead to an inadequate
angiogenic response and resultant diminished vasculature in fibroids.
Consistent with this hypothesis, it was shown that HIF-1a disruption pre-
vents the formation of large blood vessels and impairs vascular function,

resulting in a hypoxic microenvironment within the tumor mass (Carme-
liet et al., 1998). Remarkably, the authors reported that the growth of
HIF-1a deficient tumors was not retarded but accelerated, owing to
decreased hypoxia-induced apoptosis and increased stress-induced pro-
liferation (Carmeliet et al., 1998). Taken together, HIF-1a down-
regulation may explain several features of fibroid biology, including the
diminished vasculature and their continuous growth despite it. Another
explanation for the diminished vascularization within fibroids may be an
inadequate response to angiogenic factor stimuli. This could be due to
various genetic aberrations as up to 40% of fibroids show cytogenetic
anomalies (Levy et al., 2012), and fibroids were demonstrated to have a
globally abnormal DNA methylation status compared with myometrium
(Yamagata et al., 2009). Alternatively, overproduction of angiogenic inhi-
bitors could counteract the action of angiogenic promoters, resulting in
the reduced microvascularity of fibroids. Weston et al. have shown that
collagen 4A2, the precursor for the angiogenic inhibitor canstatin (Kam-
phaus et al., 2000), is overexpressed in fibroid tissue compared with myo-
metrium (Weston et al., 2003). To date, the expression of other
angiogenesis inhibitors such as angiopoietin-2 (Maisonpierre et al.,
1997), angiostatin (O’Reilly et al., 1994) and endostatin (O’Reilly et al.,
1997) has not been investigated in fibroids and would be an interesting
avenue to explore.

It has been suggested that the vascularized capsule surrounding the
avascular fibroid may be due to the stimulatory effects of angiogenic
factor secretion by the tumor on the surrounding normal myometrium
(Hague et al., 2000; Walocha et al., 2003). In support of this hypothesis,
Wei et al. (2006) described a VEGF concentration gradient in the fibroid,
with a steady increase in VEGF expression from the central zone to the
periphery of the fibroid. In addition, Hague et al. (2000) showed
increased expression of the hypoxia-induced angiogenic factors ADM,
VEGF and bFGF in the myometrium of leiomyoma-bearing uteri com-
pared with myometrium of normal uteri. Moreover, these authors
demonstrated that ADM expression correlated with the vascular
density of the leiomyoma and myometrium in fibroid-bearing uteri, sug-
gesting that this angiogenic factor may have an important role in the de-
velopment of the vascular fibroid capsule (Hague et al., 2000). The
apparent increase in angiogenesis and vascular density in the normal
myometrium surrounding the fibroids may account for the symptoms
of menorrhagia observed in women with fibroids and their tendency
to bleed during myomectomy.

Other vascular abnormalities recently described in fibroids are a lack
of vascular SMCs and arterial spiraling, as opposed to normal myome-
trium (Aitken et al., 2006), suggesting a vascular maturation defect.
This may be explained by the failure of SMC precursors to migrate into
the tumor or differentiate. Alternatively, the angiogenic environment
within the tumor may be suppressive for vessel maturation. One
system that is known to be crucial in determining blood vessel maturation
and regression is that of the angiopoietins and their Tie-1 and Tie-2
receptors (Maisonpierre et al., 1997; Carmeliet, 2003). However, no
studies to date have examined the expression of these critical factors
in fibroids or myometrium. Future molecular studies should clarify
whether this system and others are involved in the defective vascular
maturation exhibited by fibroids. Nonetheless, the striking difference
in vascularization seen in small fibroids makes it likely that the angiogenic
stimulus or anti-angiogenic profile is alteredwithin fibroids relative to that
occurring in normal tissue development, with a corresponding lack of
muscularization and spiralization.
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Evidence for an abnormal hypoxia
response of fibroids: implications
for growth and vascularization
Tumor hypoxia is a crucial driving force in malignant progression promot-
ing local invasion, intravasation and metastatic spread, and has been
shown to correlate closely with poor patient prognosis (Harris, 2002).
Hypoxia-induced changes in gene expression are coordinated mainly
by the hypoxia-inducible transcription factor HIF-1 (Semenza, 2010).
Downstream effects of HIF-1 activation, which promote malignancy,
include modulation of glucose metabolism through increased cellular
glucose uptake via glucose transporter-1 and enhanced glycolysis by
up-regulation of key glycolytic enzymes such as carbonic anhydrase IX,
increased angiogenesis by overexpression of VEGF and activation of
the c-MET/HGF system characterized by cell proliferation, migration
and apoptosis protection (Semenza, 2003). Consistent with these
effects, the majority of primary human cancers and their metastases
overexpress HIF-1a (Semenza, 2010).

HIF-1 is a master regulator of the cellular response to low oxygen
tension and is central to maintenance of oxygen homeostasis. It is a het-
erodimeric transcription factor consisting of two subunits, a and b.
While HIF-1b is constitutively active, HIF-1a is oxygen-sensitive, being
rapidly inactivated and degraded in normoxia. Under normal oxygen

tension, the interaction between the tumor suppressor Von-Hippel–
Lindau (VHL) and HIF-1a is enabled by two prolyl hydroxylations
within the HIF-1a degradation domain, at residues P402 and P564 by
prolyl hydroxylases (PHDs; Bruick and McKnight, 2001; Epstein et al.,
2001; Jaakkola et al., 2001; Masson et al., 2001). VHL functions as the rec-
ognition component of an E3 ubiquitin ligase that targets HIF-1a for ubi-
quitination and proteasomal degradation. In addition, asparaginyl
hydroxylation at residue N803 within the C-transactivation domain of
HIF-1a by the action of the asparaginyl hydroxylase factor-inhibiting
HIF-1 inhibits the interaction of HIF-1a with various co-activators such
as p300/CBP, resulting in its inactivation (Mahon et al., 2001; Lando
et al., 2002). During hypoxia, the activity of the prolyl and asparaginyl
hydroxylases, which is oxygen-dependent, is markedly reduced. The ac-
cumulating HIF-1a therefore heterodimerizes with HIF-1b and the
resulting complex binds to the hypoxia responsive element of various
target genes, activating their transcription.

The origins of leiomyoma are still unknown but accumulating evidence
suggests that hypoxia is likely implicated in early cellular events which lead
to myometrial SMC transformation into leiomyoma (Fig. 2). Uterine leio-
myomas are known to be clonal in origin and only 40% of them harbor
cytogenetic abnormalities (Walker and Stewart, 2005). The most
common is a chromosomal translocation between chromosomes 12
and 14, found in �15% of leiomyomas (Gross and Morton, 2001).
The affected gene encodes a high-mobility group AT-hook 2 protein

Figure 2 Leiomyoma development. Genetic aberrations involving genes such as HMGA2, MED12 and FH may initiate unregulated cell proliferation of
myometrial stem cells. Cyclic menstrual contractions of the myometrium result in periodic hypoxia/ischemia, which may lead to differentiation of myome-
trial stem cells into SMCs. Continued uncontrolled proliferation of mutated stem cell derived SMCs would result in foci of MMH. The effects of gonadal
steroids in combination with the chronic hypoxia associated with the rapidly expanding MMH cell mass would stimulate local angiogenic growth factor ex-
pression. These, in turn, would promote continued cell proliferation, and ECM deposition, and provide a vascular support to the growing myometrial cell
mass, resulting in leiomyoma formation. SMCs, smooth-muscle cells; HMGA2, high-mobility group AT-hook 2 protein; MED12, mediator subunit complex
12; FH, fumarate hydratase; MMH, myometrial hyperplasia; ECM, extracellular matrix; ADM, adrenomedullin.
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(HMGA2), a non-histone component of chromatin that acts as a tran-
scriptional modulator (Gross and Morton, 2001). Although this chromo-
somal rearrangement is found in only a subset of leiomyomas, it has been
recently shown that even leiomyomas that do not carry this cytogenetic
aberration overexpress the HMGA2 gene compared with myometrium
(Klemke et al., 2009), suggesting that HMGA2 may playan important role
in leiomyoma development even in those fibroids that do not carry the
specific t(12;14) rearrangement. In support of this notion, a dinucleotide
repeat within the HMGA2 gene has been shown to be highly associated
with HMGA2 overexpression and leiomyoma development (Hodge
et al., 2009). Moreover, the occurrence of gene mutations in leiomyomas
has been recently reported to be much higher than that of cytogenetic
abnormalities.

The tumor suppressor gene, mediator subunit complex 12 (MED12),
has been found to be mutated in �70% of leiomyomas but not in myome-
trium in several studies on populations of different ethnic backgrounds
(Makinen etal., 2011a, b; McGuire et al., 2012).Genetic aberrations involv-
ing HMGA2, MED12 and other genes have been suggested to be the initial
insult leading to unregulated cell growth. Geneticmutations are considered
to play a critical role in the pathogenesis of hyperplastic lesions, which are
known as the precursors of various cancers, including breast, endometrial
and cervical carcinomas (Tavassoli and Devilee, 2003).

Recently, Cramer et al. have reported that myometrial hyperplasia
(MMH), zones of increased myometrial cellularity, are extremely
common in the myometrium. The authors demonstrated that most leio-
myomas arise within these MMH zones and suggested that MMH likely
plays a similar precursor role in leiomyoma development (Cramer
et al., 2009). MMH is responsible for rapid uterine growth during preg-
nancy (Shynlova et al., 2006). In the pregnant rat, MMH has been
shown to result in myometrial hypoxia and overexpression of HIF-1a,
suggesting that hypoxia is a key feature of MMH (Shynlova et al., 2010).
Moreover, HIF-1a expression is absent in normal endometrial tissue
but its expression gradually rises from endometrial hyperplasia to adeno-
carcinoma, indicating that hypoxia may be central in promoting tumori-
genesis of precursor hyperplastic lesions (Horree et al., 2007).

Further supportive evidence for an important role for hypoxia in SMC
transformation into a leiomyoma derives from studies on stem cells. Re-
cently, a side population of myometrial cells with phenotypic and func-
tional characteristics of stem cells has been characterized in the uterus
and shown to account for 1% of the total myometrial cell population
(Ono et al., 2007). Upon implantation into immunodeficient mice,
these myometrial stem cells were shown to form large leiomyoma
tumors with higher proliferative activity than regular myometrial cells
which formed much smaller tumors (Ono et al., 2012), suggesting that
myometrial stem cells may be critical for leiomyoma development. Inter-
estingly, these myometrial stem cells were shown to differentiate into
mature myometrial cells only under hypoxic conditions in vitro, suggesting
that hypoxia may be the driving force behind their growth and transform-
ation into leiomyoma cells (Ono et al., 2007). Since the menstrual cycle is
associated with periodic ischemic/hypoxic stress due to myometrial
contractions, which lead to cessation of bleeding (Fujii et al., 1999),
these hypoxic events may be the stimuli for myometrial stem cell differ-
entiation in vivo. Taking these data together, it may be hypothesized that
specific genetic aberrations may lead a myometrial stem cell to begin un-
controlled proliferation, and differentiation to an SMC driven by cyclic
menstrual hypoxic events, resulting in a precursor MMH lesion. The
chronic hypoxia associated with rapidly expanding MMH cell mass, in

combination with further genetic mutations and perhaps the influence
of gonadal steroids, may then culminate in the formation of a leiomyoma
(Fig. 2).

Similar to other tumors, leiomyomas have been shown to be very
hypoxic. However, Mayer et al. have shown that despite this extreme
hypoxia, leiomyomas do not express HIF-1a, HIF-2a and other hypoxia-
related genes, indicating a lack of response to tissue hypoxia (Mayer et al.,
2008, 2010). These authors have also reported that in contrast to leio-
myoma tumors, leiomyosarcomas, their malignant counterparts, show
abundant expression of HIF-related markers and have suggested that
this may be mechanistically linked to their transformed phenotype
(Mayer et al., 2010). The aberrant hypoxia response and lack of HIF-1a
expression in fibroids may be implicated in several features of their patho-
physiology, including their diminished vascularization, limited growth po-
tential and lack of tendency for invasion or metastasis. Several pieces of
evidence are in line with this tenet. Carmeliet et al. have examined
tumors derived from embryonic stem cells and demonstrated that loss
of HIF-1a expression in these tumors resulted in a lack of formation of
large blood vessels, impaired vascular function and down-regulation of
hypoxia-induced expression of VEGF. In addition, loss of HIF-1a in
these tumors resulted in decreased hypoxia-induced apoptosis (Carme-
liet et al., 1998). Similar to these HIF-1a-deficient tumors, leiomyomas
also characteristically show a diminished vasculature (Hong et al., 2001)
and reduced apoptosis when compared with leiomyosarcomas, which
overexpress HIF-1a (Mayer et al., 2008).

HLRCC is a genetic syndrome that is characterized by multiple leio-
myomas of the uterus and skin, and an increased susceptibility to type
II papillary and collecting duct renal cell carcinoma (Grubb et al.,
2007). HLRCC results from an inactivating germline mutation in the fu-
marate hydratase (FH) gene, which encodes the Krebs cycle enzyme
which acts as a classical tumor suppressor (Tomlinson et al., 2002;
Alam et al., 2003). Lack of FH activity has been shown to result in accu-
mulation of fumarate leading to inhibition of HIF prolyl hydroxylase and
consequent HIF-1a stabilization and activation, with a subsequent
release of hypoxia-inducible factors such as VEGF (Isaacs et al., 2005;
Pollard et al., 2005b; Selaket al., 2005). Interestingly, the uterine leiomyo-
mas in HLRCC are significantly more vascularized than sporadic leiomyo-
mas, and show activation of components of the hypoxic pathway such as
overexpression of HIF-1a and VEGF, in contrast to sporadic leiomyomas
(Pollard et al., 2005a). This observation supports the notion that the lack
of HIF-1a expression and consequent lack of up-regulation of its down-
stream effectors may be responsible for the relatively avascular pheno-
type of sporadic leiomyomas. Clinically, when compared with their
sporadic counterparts, the HLRCC uterine leiomyomas tend to
develop at a younger age, grow more aggressively and reach a larger
size, frequently requiring a hysterectomy at an earlier age, and, further-
more, have a greater predisposition to become malignant (Toro et al.,
2003; Lehtonen et al., 2006; Stewart et al., 2008; Garg et al., 2011;
Sanz-Ortega et al., 2013). Thus, HLRCC leiomyoma may be conceptua-
lized as an intermediate stage between the HIF-1a-deficient, slow-
growing and relatively avascular sporadic leiomyoma and the
HIF-1a-overexpressing vascularized malignant leiomyosarcoma. With
this conceptual construct (see Fig. 3), HIF-1a overexpression may be a
necessary step in tumorigenesis of leiomyomas, promoting the expres-
sion of hypoxia-induced genes, leading to various tumor adaptations in-
cluding increased vascularization. Additional steps, however, would be
required for malignant transformation to leiomyosarcoma. In support
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of this hypothesis, renal and fibroblast cells lacking the FH gene
and overexpressing HIF-1a are protected from apoptosis via
HIF-1a-independent mechanisms (Costa et al., 2010). Moreover, renal
cyst formation occurs in FH-deficient mice but not in PHD-deficient
mice despite identical HIF-1a overexpression (Adam et al., 2011), sug-
gesting that additional mechanisms independent of HIF-1a are required
for malignant transformation.

The mechanism responsible for the lack of HIF-1a up-regulation,
which underlies the aberrant hypoxic response in leiomyomas, is cur-
rently unclear. Mayer et al. (2010) have shown that expression of the
HIF PHDs is unchanged in leiomyomas and thus is not responsible for
down-regulation of the HIF system in these tumors. The same authors

suggested that the serine/threonine kinase mammalian target of rapamy-
cin (mTOR) may play a role in HIF-1a down-regulation in leiomyomas.
The mTOR pathway is involved in cell signaling pathways that promote
tumorigenesis through coordinated phosphorylation of proteins that dir-
ectly regulates protein synthesis, cell-cycle progression, cell growth and
proliferation (for a review, see Wullschleger et al., 2006). Hypoxia acti-
vates the TSC1/TSC2 (hamartin/tuberin) complex via sensing proteins
such as AMP-activated protein kinase (AMPK; Liu et al., 2006) or regu-
lated in development and DNA damage response (REDD1; Brugarolas
et al., 2004). The TSC1/TSC2 complex functions as a GTPase activator
for the RAS homologue enriched in the brain (Rheb), promoting Rheb
inactivation (Pouyssegur et al., 2006). As mTOR activity is dependent

Figure 3 Differential expression of mTOR and HIF-1a pathways between leiomyoma, HLRCC and leiomyosarcoma. Hypoxia up-regulates HIF-1a ex-
pression through inhibition of the prolyl hydroxylases PHD1 and PHD2. In addition, hypoxia activates the TSC1/TSC2 (hamartin/tuberin) complex via
sensing proteins such as AMPK or REDD1. The TSC1/TSC2 complex functions as a GTPase activator for Rheb, promoting Rheb inactivation. As
mTOR activity is dependent on stimulation by Rheb, this leads to mTOR inactivation and resultant down-regulation of HIF-1a protein expression.
Thus, the mTOR pathway provides a negative feedback mechanism of HIF-1a activation under hypoxic conditions. mTOR and EGR-1 are potent inducers
of HIF-1a activation, and are both down-regulated in leiomyoma tissue, explaining HIF-1a down-regulation despite tumor hypoxia in leiomyomas. Lack of
HIF-1a expression is likely responsible for the reduced vascularity of these fibroid tumors. In HLRCC fibroids, accumulation of fumarate due to FH mutation
leads to PHD1 and PHD2 inactivation and resultant HIF-1aoverexpression, which is likely responsible for the increased vascularity of these tumors. AMPK
up-regulation and AKT down-regulation in HLRCC fibroids suggests that mTOR activity is reduced in these tumors. In leiomyosarcoma, up-regulation of
AKT and ERK inhibit the TSC1/TSC2 complex, leading to mTOR activation, contributing to tumor progression and metastases. In addition to mTOR ac-
tivation, hypoxia likely leads to the observed HIF-1a overexpression in leiomyosarcomas, which in turn contributes to the increased vascularity of these
tumors. PHD1, prolyl hydroxylase 1; PHD2, prolyl hydroxylase 2; AMPK, AMP-activated protein kinase; REDD1, regulated in development and DNA
damage response 1; Rheb, RAS homologue enriched in brain; PI3K, phosphatidylinositol-3-kinase; ERK, extracellular signal-regulated kinase; RAS, rat
sarcoma; mTOR, mammalian target of rapamycin; EGR-1, early growth response-1; HIF-1a, hypoxia-inducible factor-1a; FH, fumarate hydratase;
HLRCC, hereditary leiomyomatosis.
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on stimulation by Rheb, hypoxia may down-regulate its activity via this
pathway. HIF-1a expression is dependent on mTOR activity and inhib-
ition of mTOR has been shown to result in direct down-regulation of
HIF-1a protein expression (Hudson et al., 2002; Toschi et al., 2008).
In the pregnant rat, myometrial hypoxia ensues once the uterus
reaches a certain size and this is associated with rapid mTOR down-
regulation (Jaffer et al., 2009; Shynlova et al., 2010). Thus, the mTOR
pathway may be seen as a regulatory mechanism induced by hypoxia
to control HIF-1a levels. Dhingra et al. have shown that in leiomyomas
phosphorylated AKT (pAKT) and activated mTOR levels are very low
and comparable with normal myometrium, when compared with leio-
myosarcomas, which demonstrate significantly increased levels of
pAKT and activated mTOR (Dhingra et al., 2011), consistent with a
role for the mTOR pathway in HIF-1a down-regulation in leiomyomas.
In line with this hypothesis, Cui et al. (2011) recently reported that ex-
pression of tuberin, the protein product of TSC2, was increased in leio-
myomas compared with normal myometrium with consequent
inhibition of mTOR activity. However, several studies have reported
conflicting findings. Crabtree et al. demonstrated that in comparison to
normal myometrium, both human and rat leiomyomas demonstrate
increased mRNA expression of mTOR pathway genes suggestive of
increased mTOR activation. However, the authors failed to confirm
their gene pathway analysis at the protein level (Crabtree et al., 2009).
In addition, others have reported increased levels of pAKT in leiomyo-
mas compared with normal myometrial cells (Kovacs et al., 2007; Hoek-
stra et al., 2009). Recently, Varghese et al. (2013) showed that G
protein-coupled receptor 10, which activates the PI3 K/AKT–mTOR
pathway, is overexpressed in uterine leiomyomas correlating with
increased pAKT in these tumors. Further studies are warranted to
clarify these discrepancies by directly comparing expression and activity
of the PI3 K/pAKT/mTOR pathway, as well as its upstream regulators, in
normal myometrium, leiomyoma and leiomyosarcoma tissues. With
respect to HLRCC leiomyomas, kidney cells with FH deficiency, the
same defect observed in HLRCC, demonstrate increased activation of
AMPK combined with decreased pAKT levels compared with normal
cells, pointing towards decreased mTOR activity in these cells (Bardella
et al., 2012). Although this has yet to be confirmed by direct experiments
of mTOR activity in HLRCC leiomyomas, these data provide further mo-
lecular support to the notion that HLRCC is an intermediate between
sporadic leiomyomas and leiomyosarcomas. Furthermore, Hernando
et al. (2007) have demonstrated in a mouse model that PI3K-AKT acti-
vation due to PTEN deletion in SMCs leads to constitutive mTOR acti-
vation and a high incidence of abdominal leiomyosarcomas, suggesting
that mTOR activation is a critical step in smooth-muscle transformation
to leiomyosarcoma. Taken together, these data suggest that the differen-
tial expression of HIF-1a between leiomyomas and leiomyosarcomas
may be explained by mTOR activity, and that both mTOR and HIF-1a
may play important roles in leiomyoma transformation to malignant leio-
myosarcoma (Fig. 3).

Another possible explanation for the decreased HIF-1a expression
observed in leiomyomas may be related to the hypoxia-inducible tran-
scription factor early growth response-1 (EGR-1). EGR-1 directly
binds the promoter of HIF-1a, activating its transcription in a cancer
cell line (Sperandio et al., 2009). Interestingly, EGR-1 is significantly
down-regulated in leiomyomas (Pambuccian et al., 2002; Shozu et al.,
2004), and this maycontribute to the observed lackof HIF-1aexpression
in these tumors. Similar to HIF-1a, EGR-1 is a transcriptional factor that is

induced by hypoxia, leads to up-regulation of angiogenic factors, and is
implicated in tumor growth and angiogenesis (Yan et al., 1999; Fahmy
et al., 2003; Lucerna et al., 2003). Remarkably, expression of EGR-1
has been shown to be significantly down-regulated in leiomyomas to
�10% of levels found in normal myometrium (Pambuccian et al., 2002;
Shozu et al., 2004), providing further evidence for the aberrant response
to hypoxia in fibroid tumors. Ishikawa et al. (2007) showed that �15% of
genes found to be down-regulated in fibroids contain an EGR-1-binding
site within their promoter sequences, including known angiogenic pro-
moters such as PDGF and VEGF, suggesting that reduced EGR-1 expres-
sion is likely involved in their down-regulation. Consistent with a role in
angiogenic factor down-regulation, decreased EGR-1 expression was
shown to result in a lack of up-regulation of angiogenic promoters
(FGF-2), which was associated with inhibition of tumor angiogenesis
(Fahmy et al., 2003). These data suggest that, similar to HIF-1a, lack of
hypoxic EGR-1 up-regulation may contribute to the relatively avascular
nature of fibroids. Moreover, it was shown that the growth of myometrial
cells is retarded by EGR-1 expression, suggesting a role also for EGR-1
down-regulation in fibroid growth (Shozu et al., 2004). In their study,
Shozu et al. (2004) found no DNA mutations in the EGR-1 gene and
its function was shown to be intact in leiomyomas, suggesting that its
low gene expression may account for its low activity. Further studies
would be needed to investigate the expression of EGR-1 in leiomyosar-
comas and HLRCC leiomyomas when compared with leiomyomas, and
its putative role in their tumorigenesis.

Angiogenic factor dysregulation
in fibroid pathophysiology
There have been multiple studies examining the differential gene expres-
sion between leiomyoma and normal myometrium using microarrayana-
lysis, providing variable results regarding angiogenic factor gene
expression (Table I; Tsibris et al., 2002; Ahn et al., 2003; Chegini et al.,
2003b; Wang et al., 2003; Weston et al., 2003; Catherino et al., 2004;
Hoffman et al., 2004; Quade et al., 2004; Arslan et al., 2005; Ishikawa
et al., 2007; Tsiligiannis et al., 2013). These variable findings may be
due to inherent fibroid heterogeneity as well as differences between
studies in patients’ characteristics, laboratory methods and analytical
approaches. Several genes with angiogenic activity, however, showed
consistent differential expression between leiomyoma and normal myo-
metrium. Namely, TGF-bwas consistently up-regulated, while connect-
ive tissue growth factor (CTGF) and cysteine-rich angiogenic inducer 61
(CYR61) were consistently down-regulated in leiomyomas when com-
pared with normal myometrium (Table I).

While gene microarray studies have demonstrated largely variable find-
ings, studies on protein expression of angiogenic factors have been more
consistent, providing accumulating evidence that multiple factors involved
in angiogenesis are differentially expressed in leiomyomas when compared
with normal myometrium; these include EGF, HB-EGF, VEGF, bFGF,
PDGF, TGF-b and ADM (Table II and Fig. 4). These differences may be re-
sponsible for the abnormalities seen in fibroid vasculature and fibroid-
associated abnormal bleeding. In addition, as tumor growth is dependent
on angiogenesis (Folkman, 2006), these differences in expression may
explain differences observed in the fibroid growth rate. We refer the
reader to Table II for a summary of the growth factors, their expression
and their angiogenic actions on myometrium/leiomyoma.
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Table I Summary of angiogenesis-related genes differentially expressed in leiomyoma relative to myometrium in microarray studies.

Angiogenic
factor

Gene
symbol

Tsibris
et al.
(2002)

Chegini
et al.
(2003b)

Wang
et al.
(2003)

Weston
et al.
(2003)

Ahn
et al.
(2003)

Catherino
et al. (2004)

Quade
et al.
(2004)

Hoffman
et al. (2004)

Arslan
et al.
(2005)

Ishikawa
et al. (2007)

Tsiligiannis
et al. (2013)

EGF EGF �
HB-EGF HBEGF �
VEGF VEGF � � �
aFGF FGFI �
PDGF PDGFA �

PDGFB �
PDGFC �

TGF-b TGFB1 �
TGFB2 �
TGFB3 � � � �

CTGF CTGF � � � � �
CYR61 CYR61 � � � � � � �
Col4a2 COL4A2 � �
HIF-1a HIF1A � �
EGR-1 EGR1 � � �

� or �denote increased or decreased expression, respectively, in leiomyoma compared with myometrium. EGF, epidermal growth factor; HB-EGF, heparin-binding EGF; VEGF, vascular endothelial growth factor; aFGF, acidic fibroblast growth
factor; PDGF, platelet-derived growth factor; TGF-b, transforming growth factor-b; CTGF, connective tissue growth factor; CYR61, cysteine-rich angiogenic inducer 61; Col4a2, collagen 4a2; HIF-1a, hypoxia-inducible factor-1a; EGR-1, early
growth response-1.
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Epidermal growth factor
EGF is a 6045-kDa protein which signals via its transmembrane
EGF-receptor (EGF-R aka ErbB1 or HER1) to regulate key processes
of cell biology such as proliferation, survival and differentiation during de-
velopment, tissue homeostasis and tumorigenesis (Carpenter and
Cohen, 1990). EGF promotes angiogenesis in human endothelial cells
(Mehta and Besner, 2007; Zhang et al., 2009). In addition, inhibition of
the EGF-R has been shown to have an anti-angiogenic effect in many
types of cancer (Karashima et al., 2002; van Cruijsen et al., 2005).

EGF and EGF-R mRNA have both been identified in myometrial and
leiomyoma cells (Yeh et al., 1991) and immunolocalization of both pro-
teins has also been described in the cytoplasm of SMCs of leiomyomas

and matched myometrium (Dixon et al., 2000). The EGF-R protein has
been detected in both myometrial and leiomyoma cells (Dixon et al.,
2000). Studies comparing EGF expression between leiomyoma and
myometrium have reported conflicting results. Harrison-Woolrych
et al. (1994) found significantly higher amounts of EGF mRNA in leiomyo-
mata compared with myometrium from a normal uterus in the secretory
phase of the cycle, whereas no differences were found in samples taken
during the proliferative phase. Vollenhoven et al. (1995) did not find any
differences, while Dixon et al. (2000) reported decreased EGF protein
immunostaining in leiomyoma compared with myometrium. The differ-
ent findings are likely due to differences in the myometrial cycle phase
between studies as only Harrison-Woolrych et al. used samples from

.............................................................................................................................................................................................

Table II Angiogenic growth factors in human myometrium and leiomyoma: expression and angiogenic action.

Growth
factors

Receptors Expression in myometrium and/or leiomyoma Evidence for angiogenic action on
myometrium and/or leiomyoma

EGF EGF-R (HER1) Expression of EGF and EGF-R in leiomyoma and myometrial cells (Yeh et al.,
1991). Higher EGF expression in leiomyoma than in myometrium
(Harrison-Woolrych et al., 1994). No difference in EGF expression between
leiomyoma and myometrium (Vollenhoven et al., 1995). Lower EGF expression
in leiomyoma than in myometrium (Dixon et al., 2000). Higher EGF-R
expression in leiomyoma than in myometrium (Yu et al., 2008)

The decrease in EGF and EGF-R expression in
leiomyoma (Wang et al., 2006; Ohara et al.,
2007) following SPRM treatment is associated
with decreased uterine blood flow (Wilkens
et al., 2008)

HB-EGF EGF-R (HER1),
HER4

Expression of HB-EGF in both myometrium and leiomyoma (Mangrulkar et al.,
1995; Nowak, 2000). Reduced expression of HB-EGF in leiomyoma compared
with myometrium (Mangrulkar et al., 1995). Increased EGF-R expression in
leiomyoma compared with myometrium (Yu et al., 2008)

EGF-R expression in leiomyoma cells is
decreased following SPRM asoprisnil treatment
(Wang et al., 2006; Ohara et al., 2007)

VEGF VEGFR-1 (flt-1),
VEGFR-2 (flk-1)

Expression of VEGF in myometrium and leiomyoma (Harrison-Woolrych et al.,
1995; Dixon et al., 2000; Sanci et al., 2011). Expression of VEGFR-1 and
VEGFR-2 in myometrium and leiomyoma (Brown et al., 1997; Sanci et al., 2011).
VEGF expression is greater in leiomyomas than in myometrium (Hague et al.,
2000; Gentryet al., 2001; Weiet al., 2006; Lewickaet al., 2010). VEGF, VEGFR-1
and VEGFR-2 expression is stronger in leiomyosarcoma compared with
leiomyoma (Hong et al., 2001; Sanci et al., 2011)

Pretreatment of leiomyoma xenografts with
VEGF is required for continued growth in vivo
(Hassan et al., 2008). GnRHa and SPRM result
in decreased leiomyoma vascularization
associated with reduced VEGF expression (De
Falco et al., 2006; Xu et al., 2006)

bFGF FGFR-1, FGFR-2 bFGF and its receptors FGFR-1 and FGFR-2 are expressed in normal
myometrium and leiomyoma (Pekonen et al., 1993; Anania et al., 1997; Dixon
et al., 2000). Expression of bFGFand its receptors in leiomyoma is greater than in
myometrium (Mangrulkar et al., 1995; Wolanska and Bankowski, 2006; Yu et al.,
2008)

Leiomyoma bFGF expression and vascularity
were diminished following treatment with
GnRHa (Di Lieto et al., 2003; Di Lieto et al.,
2005a)

PDGF PDGFR-a,
PDGFR-b

PDGF and PDGFR are expressed in leiomyoma and myometrium (Boehm et al.,
1990; Mangrulkaret al., 1995). PDGF-AA,PDGF-BB and PDGF-CC (Liang et al.,
2006; Suo et al., 2009) and their receptors (Yu et al., 2008) (Liang et al., 2006)
are greater in leiomyoma than in myometrium. Greater PDGF expression in
leiomyosarcoma than leiomyoma (Hong et al., 2001)

PDGF increases VEGF production in human
myometrial SMCs resulting in angiogenesis
stimulation (Taniguchi et al., 2001).
Leiomyoma PDGF expression and vascularity
were decreased following treatment with
GnRHa (Di Lieto et al., 2005a, b)

TGF-b TGF-b receptor
type I, II and III

All three TGF-b isoforms and their receptors are expressed in myometrium and
leiomyomas (Chegini et al., 1994; Dou et al., 1996; Tang et al., 1997). TGF-b
isoforms and their receptors are overexpressed in leiomyoma compared with
myometrium (Dou et al., 1996; Arici and Sozen, 2000; Lee and Nowak, 2001;
Chegini et al., 2003a, b; De Falco et al., 2006; Norian et al., 2009)

GnRHa and SPRM treatments result in
decreased TGF-b and TGF-b receptor
expression associated with reduced vascularity
in leiomyoma (De Falco et al., 2006; Ohara
et al., 2007)

ADM Calcitonin
receptor-like
receptor

ADM is expressed in myometrium and leiomyoma (Hague et al., 2000; Xu et al.,
2006). ADM expression is higher in leiomyoma compared with myometrium
(Hague et al., 2000)

ADM induced proliferation and migration of
myometrial endothelial cells in vitro (Nikitenko
et al., 2006). ADM expression correlates with
vascular density of leiomyoma (Hague et al.,
2000). SPRM treatment down-regulates
expression of ADM and its receptor in
leiomyoma cells (Xu et al., 2006)

EGF, epidermal growth factor; HB-EGF, heparin-binding EGF; VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor; PDGF, platelet-derived growth factor; TGF-b,
transforming growth factor; ADM, adrenomedullin; SPRM, selective progesterone receptor modulator; GnRHa, gonadotrophin-releasing hormone agonist; SMCs, smooth-muscle cells.
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the secretory phase. Dixon et al. (2000) studied uterine samples taken
from women in the proliferative phase while Vollenhoven et al. (1995)
studied hysterectomy specimens without reference to the specific
phase of the cycle. The increased EGF expression observed in leiomyo-
mas during the secretory phase suggests an important role for progester-
one in its regulation. Indeed, it has been shown that progesterone
up-regulates EGF expression in fibroids (Shimomura et al., 1998), while
asoprisnil, a selective progesterone receptor modulator (SPRM) was
shown to down-regulate EGF expression in leiomyoma cells, consistent
with an important role for progesterone in fibroid EGF up-regulation
(Wang et al., 2006). EGF-R has also been found to be increased in leio-
myoma compared with myometrium (Yu et al., 2008).

EGF is mitogenic for both cultured myometrium and leiomyoma cells
(Fayed et al., 1989; Rossi et al., 1992) and EGF plays a crucial role in pro-
moting leiomyoma growth (Yeh et al., 1991; Rossi et al., 1992). Consist-
ent with this role, EGF-R blockade by tyrosine kinase inhibitors was
shown to inhibit the growth of leiomyoma cells in vitro and has been pro-
posed as a future molecular therapy for leiomyomas (Shushan et al.,
2004; Shushan et al., 2007). Since EGF-R blockade has been shown to
inhibit angiogenesis in other tumor systems (Karashima et al., 2002;
van Cruijsen et al., 2005), future studies could test whether anti-
angiogenesis may be one of the mechanisms by which EGF-R inhibitors
could potentially affect leiomyomas.

Heparin-binding epidermal growth factor
HB-EGF is a 22 kDa protein that was first identified in the macrophage-
like cell-conditioned medium (Higashiyama et al., 1991). HB-EGF has an
EGF-like domain and thus binds to its cognate receptors, EGF-receptor 1

(HER1) and HER4 (Higashiyama et al., 1991; Elenius et al., 1997).
HB-EGF is a potent autocrine/paracrine mitogen for fibroblasts,
SMCs, keratinocytes and endometrial stromal cells (Higashiyama et al.,
1991; Marikovsky et al., 1993; Chobotova et al., 2002), as well as a
chemo-attractant for SMCs (Higashiyama et al., 1993). In fact, HB-EGF
has a greater affinity for the EGF-R on smooth-muscle cells than does
EGF, and thus is a more potent mitogen (Higashiyama et al., 1991).
HB-EGF has also been shown to promote angiogenesis in endothelial
cells (Mehta and Besner, 2007) and tumors (Ongusaha et al., 2004).

HB-EGF mRNA and protein expression have been reported in both
myometrial and leiomyoma tissues (Mangrulkar et al., 1995; Nowak,
2000). Protein expression of its receptor EGF-R has also been detected
in myometrial and leiomyoma cells (Dixon et al., 2000). HB-EGF protein
expression has been reported to be decreased in leiomyoma compared
with adjacent myometrial tissue (Mangrulkar et al., 1995), while EGF-R
has been found to be increased in leiomyoma compared with myome-
trium (Yu et al., 2008). Treatment of leiomyoma and myometrial cells
with HB-EGF has been shown to stimulate proliferation and inhibit apop-
tosis of these cells in a dose-dependent fashion through augmentation of
EGF-R expression. However, the proliferative effects of HB-EGF treat-
ment on myometrial cells occurred at a much lower dose compared
with leiomyoma cells (Wang et al., 2005). Taken together, these data
suggest that HB-EGF may play a more important role in normal myome-
trial growth than in leiomyoma growth.

Vascular endothelial growth factor
VEGF is one of the major regulators of angiogenesis and its important role
has been demonstrated in developmental, physiological and pathological

Figure 4 Changes in expression of angiogenic growth factors and their receptors in leiomyoma compared with myometrium. Circles denote angiogenic
growth factors, while rectangles denote their receptors. Blue denotes an increase, while pink denotes a decrease in expression. EGF, epidermal growth
factor; HB-EGF, heparin-binding EGF; VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor; PDGF, platelet-derived growth
factor; TGF-b, transforming growth factor-b; ADM, adrenomedullin.

204 Tal and Segars



angiogenesis (Ferrara and Davis-Smyth, 1997). It is a heparin-binding
homodimeric protein of 46 kDa that consists of six isoforms (Tischer
et al., 1991; Poltorak et al., 1997; Lei et al., 1998). VEGF is a potent
mitogen for endothelial cells (Charnock-Jones et al., 1993) and its
action is mediated by binding to tyrosine kinase receptors, VEGFR-1
(fms-like tyrosine kinase: flt-1) and VEGFR-2 (kinase domain-containing
receptor: KDR/flk-1).

VEGF mRNA and protein expression have been identified in SMCs of
both myometrium and leiomyoma (Harrison-Woolrych et al., 1995;
Dixon et al., 2000; Sanci et al., 2011). The VEGF receptors, VEGFR-1
and VEGFR-2, are also expressed in myometrium and leiomyoma
(Brown et al., 1997; Sanci et al., 2011). Several researchers have reported
that VEGF expression is higher in leiomyomas compared with both adja-
cent myometrium (Hague et al., 2000; Gentry et al., 2001) and normal
myometrium of uteri without fibroids (Hague et al., 2000; Wei et al.,
2006; Lewicka et al., 2010), suggesting that angiogenesis may be import-
ant for fibroid development and growth. In addition, Hassan et al. (2008)
described a novel murine model for leiomyoma, achieved by subcutane-
ous insertion of human leiomyoma xenografts in immunodeficient mice.
Pretreatment of xenografts with VEGF and cyclooxygenase-2 was
required for the continued growth of leiomyoma tissue in vivo (Hassan
et al., 2008), providing further support to the notion that VEGF-induced
angiogenesis is essential for fibroid growth. Moreover, studies showed
that VEGF, VEGFR-1 and VEGFR-2 expression is stronger in leiomyosar-
coma compared with leiomyoma (Hong et al., 2001; Sanci et al., 2011),
indicating that the VEGF/VEGFR system is likely involved in uterine
smooth-muscle tumorigenesis.

Basic fibroblast growth factor
Basic FGF is an 18 kDa protein that induces mitogenesis and differenti-
ation of a variety of neuroectodermal and mesodermal cells, including
fibroblasts, SMCs and endothelial cells (Klagsbrun and Dluz, 1993).
bFGF binds to two major receptors: fibroblast growth factor type 1 re-
ceptor (FGFR-1) and type 2 receptor (FGFR-2) (Fernig and Gallagher,
1994). It promotes angiogenesis through a number of mechanisms,
including the induction of endothelial cell proliferation, chemotaxis
and the production of matrix-remodeling enzymes such as collagenase
and plasminogen activator (Presta, 1988). bFGF also causes prolifer-
ation of vascular SMCs in response to vascular injury (Lindner and
Reidy, 1991).

Protein and mRNA expression of both bFGF and its receptors FGFR-1
and FGFR-2 have been identified in normal myometrium as well as leio-
myoma cells (Pekonen et al., 1993; Mangrulkar et al., 1995; Anania et al.,
1997; Dixon et al., 2000). Several studies have reported greater expres-
sion of bFGF in leiomyoma compared with myometrium (Mangrulkar
et al., 1995; Wolanska and Bankowski, 2006). In addition, FGFR-1 and
FGFR-2 expression have been demonstrated to be increased in leio-
myoma compared with adjacent myometrium (Wolanska and Bank-
owski, 2006; Yu et al., 2008). One of the histological features that
distinguishes leiomyomas from normal myometrium is their large quan-
tity of ECM. Of note, the majority of bFGF in leiomyomas is found stored
in that ECM component (Mangrulkar et al., 1995; Dixon et al., 2000). The
increased bFGF content of the ECM found in leiomyomas may playan im-
portant role in angiogenesis within fibroids as it has been previously
shown that the growth factor content of the ECM determines endothelial
cell angiogenic responses (Dye et al., 2004).

Platelet-derived growth factor
PDGF is a dimeric growth factor which exists in five different isoforms;
four are homodimers (PDGF-AA, PDGF-BB, PDGF-CC and
PDGF-DD), while the only heterodimer is PDGF-AB (Heldin and Wes-
termark, 1999; Heldin, 2004). PDGF isoforms exert their cellular effects
by activating two structurally related cell surface receptor tyrosine
kinases (PDGFR-a and PDGFR-b). Specifically, PDGFR-a binds the
A-, B- and C-chains with high affinity while PDGFR-b binds only the B-
and D-chains (Heldin et al., 2002). Functionally, PDGF acts as a
mitogen and chemo-attractant for both SMCs and fibroblasts (Ross
et al., 1986). Its role in angiogenesis is well established as it has been
shown to lead to proliferation and migration of SMCs during vascular
maturation (Hellstrom et al., 1999).

PDGF and PDGF-R mRNA and protein expression have been
described in both normal myometrium and leiomyoma tissues (Boehm
et al., 1990; Mangrulkar et al., 1995). Hwu et al. (2008) reported that
only mRNA expression of PDGF-C is increased in leiomyoma compared
with the adjacent myometrium, while they did not find differences in
mRNA expression of PDGF-A, -B, -D and their receptors between the
tissues. In contrast, several studies examining protein expression have
demonstrated greater levels of PDGF-AA, PDGF-BB and PDGF-CC
(Liang et al., 2006; Suo et al., 2009) and of their receptors (Liang et al.,
2006; Yu et al., 2008) in leiomyoma compared with the adjacent myome-
trium. In addition, Suo et al. (2009) reported higher PDGF-CC expression
in fibroid-derived SMCs compared with myometrial-derived SMCs. Tani-
guchi et al. (2001) showed that PDGF can stimulate VEGF production in
human myometrial SMCs resulting in angiogenesis stimulation, suggesting
that the differential expression of PDGF/PDGFR observed between leio-
myomas and myometrium may have an important role in the pathological
angiogenesis occurring in fibroids. In addition, greater PDGF expression
has been reported in leiomyosarcoma compared with leiomyoma, sug-
gesting that PDGF may be involved in leiomyoma tumorigenesis (Hong
et al., 2001).

Transforming growth factor-b
TGF-bs are secreted as latent molecules (large latent complex) requiring
local activation for receptor binding, which releases a 25 kDa active
dimer composed of identical polypeptide chains (Massague, 1990). In
humans, there are three TGF-b isoforms (TGF-b1, TGF-b2 and
TGF-b3), which are encoded by separate genes (Sozen and Arici,
2002). TGF-bs signal through a heterotetrameric receptor complex
that consists of dimers of type I and type II receptors, both of which
are required for signal transduction. The TGF-b type II receptor binds
the ligand and the TGF-b type I receptor, also named activin-like
kinase 5 (ALK5), is a serine/threonine kinase that phosphorylates intra-
cellular secondary messengers Smad2 and Smad3. Their complex ultim-
ately translocates to the nucleus to act as a transcriptional regulator for
responsive genes mediating a wide range of TGF-b functions (Attisano
and Wrana, 2002; Derynck and Zhang, 2003). TGF-bs exert a diverse
range of biological functions regulating cell proliferation (Laiho et al.,
1990; Satterwhite and Moses, 1994), apoptosis (Rotello et al., 1991;
Hyman et al., 2002), angiogenesis (Yang and Moses, 1990), immune func-
tion (Letterio and Roberts, 1998) and synthesis of ECM components
(Ignotz et al., 1987; Chin et al., 2001). All three TGF-b isoforms and
their receptors are expressed at the mRNA and protein level in human
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myometrium (Chegini et al., 1994; Tang et al., 1997) and leiomyomas
(Dou et al., 1996; Chegini et al., 2003b).

A large body of evidence, both from animal and human studies impli-
cates TGF-b in the pathogenesis of uterine fibroids. TGF-bs, their recep-
tors and downstream signaling mediators, like Smad 2/3 complexes, are
overexpressed in leiomyomas compared with normal myometrium
(Dou et al., 1996; Arici and Sozen, 2000; Lee and Nowak, 2001; Chegini
et al., 2003a; De Falco et al., 2006; Norian et al., 2009). Several in vitro
studies have reported that TGF-b isoforms at low concentration induce
the proliferation of human myometrial (Tang et al., 1997) and leiomyoma
cells (Arici and Sozen,2000; Leeand Nowak, 2001).TGF-b3 has alsobeen
shown to increase the expression of ECM-related genes such as fibronec-
tin, collagen type 1 and versican while decreasing the expression of ECM
degradation-related genes in both cultured myometrial and leiomyoma
cells (Norian et al., 2009; Joseph et al., 2010; Malik and Catherino,
2012), suggesting that TGF-b3 may stimulate fibroid growth by playing
an important role in the excessive ECM deposition and tissue fibrosis
that characterizes leiomyomas. Moreover, Malik et al. (2008) demon-
strated that treatment of leiomyoma cells with retinoic acid decreased
cell proliferation and ECM protein production and was associated with
TGF-b3 pathway down-regulation. In addition, in mutant rats with a
genetic susceptibility for spontaneous fibroid development, treatment
with the TGF-b type I receptor inhibitor SB-525334 resulted in significant
reduction in the incidence, number and size of the tumors, suggesting that
TGF-b signaling may be essential for the formation and maintenance of
fibroids (Laping et al., 2007).

Most studies on the role of TGF-b in fibroid pathophysiology have
focused on the contribution of TGF-b to leiomyoma cell proliferation
and ECM production as the underlying abnormalities responsible for
this disease. In addition, TGF-b is also essential for tumor angiogenesis,
being involved in multiple steps of this process including endothelial cell
proliferation, migration, ECM metabolism and expression of adhesion
molecules (Li et al., 2001); thus, TGF-bmay also be related to the patho-
genesis of leiomyoma through its effects on fibroid angiogenesis. In line
with this hypothesis, Bandyopadhyay et al. (2002, 2005) reported, in
xenograft-bearing athymic nude mice, that TGF-b blockade using
soluble TGF-b receptor caused significant reduction in the tumor micro-
vessel density and tumor blood volume, associated with tumor growth
inhibition of breast cancer and prostate cancer xenografts. Similarly, it
was observed that inhibition of TGF-b receptor type I in a chick
embryo hepatocellular carcinoma model resulted in significant inhibition
of tumor angiogenesis, which was more effective than the anti-angiogenic
effect of the VEGF inhibitor bevacizumab (Mazzocca et al., 2009). Future
studies of the effects of TGF-b (and its inhibition) on fibroid angiogenesis
are of interest.

Adrenomedullin
ADM belongs to the calcitonin superfamily of peptides that includes cal-
citonin, calcitonin gene-related peptide (CGRP) and amilyn. ADM acts as
an angiogenic growth factor (Zhao et al., 1998; Oehler et al., 2002; Ribatti
et al., 2003), as an autocrine growth factor in several human cancer cell
lines and endometrium (Miller et al., 1996; Nikitenko et al., 2000) and as
an inhibitor of apoptosis (Shichiri et al., 1999; Oehler et al., 2001). ADM
mediates its action through a G protein-coupled receptor, the calcitonin
receptor-like receptor (CLR). Receptor activity-modifying proteins
(RAMP) associate with CLR to determine its ligand-binding specificity.

CLR association with RAMP2 or RAMP3 promotes adrenomedullin
binding, whereas heterodimerization with RAMP1 promotes CGRP
binding (McLatchie et al., 1998).

ADM protein expression has been reported in both myometrium and
leiomyoma tissues (Hague et al., 2000; Xu et al., 2006). Hague et al.
(2000) showed ADM expression to be significantly increased in leio-
myoma compared with myometrium and to correlate with vascular
density of leiomyoma, suggesting an important role for this factor in
uterine leiomyoma angiogenesis. Recently, the progesterone receptor
modulator CDB-2914 has been reported to significantly reduce
uterine leiomyoma volume in a randomized controlled clinical trial
(Levens et al., 2008). Consistent with an important role for ADM in
uterine fibroid growth and angiogenesis, Xu et al. (2006) have shown
that CDB-2914 treatment down-regulated ADM and VEGF and their
receptors in human leiomyoma cells.

GnRH agonist, progesterone
receptor modulator and UAE:
anti-angiogenesis as a common
mechanism of action
Uterine cellular proliferation and differentiation are regulated by gonadal
steroid hormones, and fibroids are considered to be steroid-dependent
for their growth. Leiomyomas are hyperresponsive to estrogen and
exhibit increased levels of estrogen and progesterone receptors
(Walker and Stewart, 2005). The mitogenic action of steroids which
leads to leiomyoma growth is considered to be mediated by local pro-
duction of growth factors, many of which have angiogenic properties,
acting through paracrine and/or autocrine mechanisms (Ciarmela
et al., 2011). A complete review on steroids and their interaction with
growth factors in relation to leiomyoma growth has been provided by
Ciarmela et al. (2011). Estrogen and/or progesterone have been
shown to up-regulate the expression of multiple angiogenic factors in
myometrial and leiomyoma tissues, including EGF (Shimomura et al.,
1998; Matsuo et al., 1999), HB-EGF (Wang et al., 1994), VEGF (Hyder
et al., 2000), bFGF (Rider et al., 1997), PDGF (Barbarisi et al., 2001),
TGF-b (Arici and Sozen, 2000) and ADM (Xu et al., 2006). In addition,
various progestogens have been shown to induce endometrial angiogen-
esis following intrauterine exposure (Hague et al., 2002). Therefore, it is
plausible that leiomyoma growth is dependent on steroids partly due to
their induction of local angiogenic factors for provision of fibroid vascula-
ture. Following the same rationale, current hormonal treatments for
fibroids that target these steroid pathways may exert their effects
through inhibition of angiogenesis. Peddada et al. (2008) have recently
shown that fibroids from the same woman grow at very different rates,
with some regressing, despite a uniform hormonal milieu, indicating
that factors other than steroids may determine leiomyomagrowth.More-
over, many of the shrinking fibroids showed evidence of necrosis, suggest-
ing that hypoxia and vascular events may account for tumor growth
variations (Peddada et al., 2008).

GnRHa has been commonly used for the treatment of uterine fibroids.
GnRHa therapy aims for the resolution of pain and bleeding symptoms
and regression of fibroids by causing a state of hypoestrogenemia. Treat-
ment results are variable and side effects and health risks limit the long-
term use of these compounds (Cook and Walker, 2004). Evidence that
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GnRHa affects fibroid vascular supply and angiogenesis is provided by
several studies. Matta et al. (1988) found that GnRHa treatment
results in a reduction in uterine and fibroid blood flow as measured by
Doppler ultrasound. The group of Di Lieto have demonstrated that
GnRHa treatment of women with fibroids results in decreased protein
expression of the angiogenesis-related factors bFGF, VEGF, PDGF and
TGF-b3 together with the total number of vessels in the leiomyomas,
and is associated with a reduction in uterine volume when compared
with control patients (Di Lieto et al., 2003b; Di Lieto et al., 2005a, b;
De Falco et al., 2006). Similarly, Khan et al. (2010) reported that
GnRHa treatment led to a decrease in microvascular density and angio-
genesis in myometrial and endometrial tissue of myomatous uteri, asso-
ciated with a reduction in size of the fibroid tumors. These data suggest
that GnRHa may shrink fibroids by reducing angiogenic factor expression
and, consequently, the blood supply to the leiomyomas or the surround-
ing myometrial tissue. It is likely that the anti-angiogenic effects of GnRHa
are mediated via estrogen and progesterone down-regulation since
these gonadal steroids up-regulate the expression of various angiogenic
growth factors, which are considered to be the ultimate effectors of
these gonadal steroids, in the myometrium (Ciarmela et al., 2011).

Accumulating data support the concept that progesterone plays a vital
role in uterine leiomyoma growth (Rein et al., 1995; Maruo et al., 2004).
The action of progesterone on target tissues is known to be mediated
through interaction with the progesterone receptor (PR), which
belongs to the nuclear receptor family. Several studies have demon-
strated that expression of PR is up-regulated in uterine leiomyomas com-
pared with myometrium (Brandon et al., 1993; Viville et al., 1997; Nisolle
et al., 1999). Moreover, clinical trials using progesterone antagonist
RU486 (Eisinger et al., 2003, 2009) and SPRM asoprisnil (J867) (Chwalisz
et al., 2007) have shown that both compounds are effective in shrinking
uterine leiomyomas. SPRM asoprisnil and CDB-2914 were shown to
inhibit growth and induce apoptosis in cultured leiomyoma cells (Xu
et al., 2005; Chen et al., 2006). These effects were shown to be asso-
ciated with down-regulation of the angiogenic factors VEGF and ADM
and their receptors (Xu et al., 2006), as well as TGF-b and EGF and
their receptors (Ohara et al., 2007), in a cell-type-specific manner affect-
ing leiomyoma but not normal myometrial cells. In agreement with the
anti-angiogenic profile induced by SPRMs in leiomyoma cells, a moderate
reduction in uterine artery blood flow was noted following treatment in
patients receiving asoprisnil therapy for leiomyoma (Wilkens et al.,
2008). These data suggest that SPRMs may induce leiomyoma shrinkage
through an anti-angiogenic mechanism.

UAE is a well-known treatment for uterine fibroids, leading to their
shrinkage and symptomatic improvement in most patients (Ravina
et al., 1995; Walker and Pelage, 2002). It is well established that vascular
supply is crucial for fibroid growth and survival since disruption of the
uterine vasculature leads to fibroid shrinkage, while sparing the myome-
trium (deSouza and Williams, 2002). In fact, UAE leads to transient
uterine ischemia involving the myometrium and leiomyoma tissues,
and while complete reperfusion of myometrial tissue is observed
within 48–72 h, ischemic leiomyomas develop irreversible infarction
(Scheurig-Muenkler et al., 2010). Several studies have reported that
the degree of leiomyoma devascularization following UAE correlates
with improvements in the clinical outcome, including better symptomatic
relief and fewer reinterventions (Fennessy et al., 2007; Katsumori et al.,
2008; Kroencke et al., 2010). Moreover, UAE has been shown to
result in a compensatory increase in plasma VEGF levels of patients,

and the magnitude of this increase correlates with increased uterine
artery blood flow and treatment failure (Takeda et al., 2005), providing
further evidence for the strong association between angiogenesis, vascu-
lar supply and fibroid growth. There are several reasons that may explain
why UAE leads to selective death of fibroids, while normal myometrial
tissue survives. First, fibroids may be more sensitive to tissue ischemia
than normal myometrium. This could be due to the avascular nature of
fibroids, which makes them more vulnerable to ischemia than normal
myometrium. In addition, the aberrant hypoxic response in fibroid
tissue, evident by the lack of HIF-1a and EGR-1 up-regulation (Shozu
et al., 2004; Mayer et al., 2008), would prevent the fibroids from under-
going the necessary cellular adaptations to survive the ischemic insult.
Second, differences in the fibrinolytic system between leiomyoma and
myometrial tissues have been suggested to predispose fibroids to form
thrombi, accounting for this differential response (Burbank, 2004).
Radiological evidence based on MR and CT imaging studies suggests
that following UAE, thrombi form in the uterine vasculature (Vott
et al., 2000; deSouza and Williams, 2002). In leiomyoma tissue,
thrombi tend to form earlier and persist, leading to long-term under-
perfusion, in contrast with myometrial tissuewhere thrombi lyse relative-
ly rapidly, allowing re-perfusion (Burn et al., 2000; Jha et al., 2000;
deSouza and Williams, 2002). Consistent with these observations, the
expression of tissue plasminogen activator and urokinase plasminogen
activator is lower, while the expression of plasminogen activator inhibitor
type 1 is higher in fibroid tissue when compared with myometrium, indi-
cating diminished fibrinolytic activity in fibroid tissue (Astrup et al., 1965;
Cheng et al., 2008). Therefore, thrombi may form morereadily in fibroids
and may be less susceptible to lysis than in adjacent myometrium, leading
to selective demise of leiomyoma tissue. Another possible explanation
for the differential tissue effect of UAE on fibroids compared with myo-
metrium may reside in preferential occlusion of the fibroid blood vessels
and hence the blood supply of the fibroid. In support of this theory, it has
been reported that the majority of embolic spheres collected post-
embolization are in medium-sized vessels in the vicinity of the fibroid
(Colgan et al., 2003; Weichert et al., 2005), likely corresponding to the
previously characterized peri-fibroid vascular capsule (Walocha et al.,
2003; Aitken et al., 2006).

Anti-angiogenic therapy: a future
treatment modality for fibroids?
Despite the high prevalence and significant morbidity of uterine fibroids,
an understanding of their angiogenesis and growth is still limited, and con-
sequently optimal therapeutic options are lacking. Current approaches
for treatment of fibroids involve hormonal therapy, uterine artery ligation
or embolization, and surgical interventions including myomectomy or
hysterectomy. Hysterectomy is the only definitive treatment for
women with fibroids. However, this option is associated with substantial
surgical complications, and is unsuitable for patients wishing to preserve
their fertility (Farquhar et al., 2006). Aside from hysterectomy, the effects
of other therapies are usually short-lived and are associated with signifi-
cant morbidity, while the recurrence leiomyoma and symptoms is
common (De Leo et al., 2002; Olufowobi et al., 2004; Sharp, 2006).
Therefore, there is an urgent need for alternative therapies that would
provide long-lasting inhibition of leiomyoma growth without the unwant-
ed side effects.
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Since Judah Folkman’s pioneering work on fighting cancer by targeting
its blood supply (Folkman, 1971), anti-angiogenic therapy has been pro-
posed as a promising strategy for several angiogenic diseases. Targeting
the endothelium offers a number of advantages: (i) endothelial cells are
easily accessible; (ii) drugs do not have to penetrate tissues in order to
reach their target cells; (iii) endothelial cells are genetically very stable
due to their low proliferation rate and so drug resistance is avoided
and (iv) angiogenesis in adults occurs only in a limited number of physio-
logical processes, including menstrual cycles in the endometrium, corpus
luteum development, early pregnancy and wound healing. Although
blood vessels within fibroids are not abundant, it is well established
that angiogenesis and vascularization are crucial for fibroid growth and
survival, evident by the shrinkage of fibroids in response to uterine
artery ligation/embolization, and the decrease in vascular density asso-
ciated with angiogenic factor down-regulation following hormonal treat-
ments such as GnRHa and SPRMs. There are several aspects of fibroid
vascular and cellular biology that may make them especially susceptible
for anti-angiogenic therapy. First, the absence of vascular SMCs around
fibroid blood vessels and lack of spiraling suggests that fibroid vasculature

is immature, in contrast to the adjacent myometrium (Aitken et al.,
2006). Since anti-angiogenic treatment targets angiogenic and immature
blood vessels and not mature vessels surrounded by pericytes (Benjamin
et al., 1999; Nap et al., 2004), it should selectively target the fibroid vas-
culature and not that of the surrounding myometrium. Secondly, the ab-
errant hypoxia response in fibroids may prevent fibroids from
undergoing the necessary cellular adaptations to blood perfusion disrup-
tion, thus making them more vulnerable to tissue ischemia than adjacent
normal myometrium. Consistent with this argument, several studies
have reported that HIF-1a knockout or suppression leads to significantly
greater tissue damage following ischemic insult in experimental animal
models of heart and brain ischemia (Baranova et al., 2007; Eckle et al.,
2008; Bullock et al., 2009; Sarkar et al., 2012). Moreover, the selective
killing effects of UAE on fibroid tissue while sparing myometrium
(deSouza and Williams, 2002) provide further support for this
hypothesis.

Within the scope of gynecology, most experimental studies and clinical
trials investigating the safety and efficacy of various anti-angiogenic com-
pounds have focused upon gynecologic malignancies and endometriosis

.............................................................................................................................................................................................

Table III Potential anti-angiogenic strategies for treatment of leiomyoma.

Substance
group

Mechanism of action Anti-angiogenic
agent

Studies Anti-angiogenic effects on
myometrium

GnRH agonist Reduction of estrogen and
progesterone concentrations

Leuprolide De Falco et al.
(2006); Di Lieto et al.
(2003b; 2005a, b)

Decrease in expression of bFGF, VEGF, PDGF,
IGF-1 receptor and TGF-b3 together with the
total number of vessels in leiomyomas

Khan et al. (2010) Decrease in microvascular density and
angiogenesis in leiomyomas

SPRM Selective blockade of progesterone
receptors

CDB-2914 Xu et al. (2006) Reduction in expression of the angiogenic
factors VEGF, adrenomedullin and their
receptors in leiomyoma cells but not in
myometrial cells

Asoprisnil (J867) Ohara et al. (2007) Decreased expression of IGF-1, TGF-b, EGF
and their receptors in leiomyoma cells but not
normal myometrial cells

Growth factor
inhibitors

Inhibition of VEGF binding to its
receptor

Anti-VEGF antibody Kim et al. (1993) Decreased blood vessel density and growth
inhibition of transplanted leiomyosarcoma
tumors in nude mice

Inhibition of tyrosine kinase activity of
VEGF receptor-2 and EGF receptor

Vandetanib Ren et al. (2008) Inhibition of leiomyosarcoma xenograft tumor
growth and angiogenesis in nude mice

Inhibition of TGF-b binding to its
receptor

TGF-beta receptor kinase
inhibitor (SB-525334)

Laping et al. (2007) Reduction of leiomyoma tumor size in Eker
rats. Potential anti-angiogenic effects were not
investigated

Fumagillin
analogues

Suppression of Rac-1 activation;
induction of p53, MetAP-2

TNP-470 Naganuma et al.
(2011)

Suppression of VEGF production,
intratumoral microvessel density and tumor
growth of uterine sarcoma xenografts in nude
mice

Phytochemical
compounds

Pleiotropic interaction with numerous
molecular targets, including
transcription factors, growth factors,
protein kinases and adhesion
molecules

Curcumin Malik et al. (2009) Antiproliferative effect on leiomyoma but not
in myometrial cells. Potential anti-angiogenic
effects were not investigated

Zhang et al. (2011) Reduction in VEGF, microvessel density and
size of transplanted endometrium in in rats

GnRH, gonadotrophin-releasing hormone; SPRM, selective progesterone receptor modulator; EGF, epidermal growth factor; HB-EGF, heparin-binding EGF; VEGF, vascular endothelial
growth factor; bFGF, basic fibroblast growth factor; PDGF, platelet-derived growth factor; TGF-b, transforming growth factor; IGF, insulin-like growth factor; ADM, adrenomedullin; SMCs,
smooth-muscle cells; MetAP-2, methionine aminopeptidase-2.
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(Rasila et al., 2005; Fujimoto, 2009; Liu and Matulonis, 2011; Laschke and
Menger, 2012). Anti-angiogenic agents can be divided into several cat-
egories. Some are angiogenic growth factor inhibitors such as the anti-
VEGF monoclonal antibody, bevacizumab (Ferrara et al., 2004), which
is FDA-approved for treatment of metastatic colon cancer; some are en-
dogenous angiogenesis inhibitors, proteins or fragments of proteins
formed in the body that inhibit the formation of new blood vessels,
such as angiostatin and endostatin (Ribatti, 2009); some are analogues
of fumagillin (i.e. TNP-470), a naturally occurring antibiotic with anti-
angiogenic activity (Ingber et al., 1990); and some others are phytochem-
ical compounds such as curcumin (Zhang et al., 2011). A complete review
on various anti-angiogenic drugs, their mode of action, efficacy and side
effects, has been provided by Laschke and Menger (2012).

GnRHa and SPRMs appear to exert their action on fibroids, at least
partly, via an anti-angiogenic effect. However, these compounds also
likely affect fibroids through other mechanisms. Despite the potential ap-
plicability of anti-angiogenic therapy for the treatment of fibroids, aside
from these hormonal treatments, there are very few studies in the litera-
ture that have explored this possibility. Based on previous observations
by Hague et al. (2000) that ADM expression was increased in leiomyo-
mas compared with myometrium and correlated with its endothelial
proliferation index and vascular density, Nikitenko et al. (2006) investi-
gated the potential of the ADM receptor, CLR, as an anti-angiogenic
target. The investigators showed that ADM induced proliferation and mi-
gration of myometrial endothelial cells in vitro, and that CLR localized ex-
clusively in the endothelium of both leiomyoma and adjacent
myometrium in vivo (Nikitenko et al., 2006). However, CLR levels
were found to be lower in leiomyomas compared with the adjacent myo-
metrium, concurrent with the lower vascular density in the leiomyoma
tissue. The authors concluded that further evaluation of CLR in tumor
and normal endothelium is essential before it may become a viable anti-
angiogenic target (Nikitenko et al., 2006). In a different study, Malik et al.
examined the effects of curcumin, a nutritional supplement with known
anti-neoplastic and anti-angiogenic properties (Gururaj et al., 2002), on
leiomyoma cells in vitro. They demonstrated that curcumin had an anti-
proliferative effect on leiomyoma cells via regulation of the apoptotic
pathway (Malik et al., 2009). It would be interesting to investigate the
potential anti-angiogenic effects of this compound, which is currently in
clinical trials for a variety of neoplastic conditions (Hatcher et al.,
2008), on fibroids.

When considering anti-angiogenic therapy for fibroids, one must take
into account potential obstacles for its success. Although malignant neo-
plasms and leiomyomas are similar in that angiogenesis is crucial for their
growth and survival, the safety requirements for an anti-angiogenic treat-
ment completely differ between the two diseases. Unlike cancer, uterine
fibroids are not life-threatening. Moreover, many of the affected patients
are women of reproductive age who still desire fertility, and several anti-
angiogenic agents have been shown to have a detrimental effect on re-
productive function in both animal models and patients (Klauber et al.,
1997; Pauli et al., 2005). In addition, angiogenesis is essential for placental
and embryo-fetal development, and administration of anti-angiogenic
inhibitors during pregnancy could result in significant teratogenicity and
adverse effects on fetal development (Patyna et al., 2009). It is therefore
likely that an anti-angiogenic treatment strategy for fibroids would have
to be strictly limited to women who have completed their family planning
and/or arebeyond their reproductive potential. Furthermore, one of the

main challenges of the proposed anti-angiogenic treatment would be to
selectively target fibroid vasculature without affecting that of the sur-
rounding myometrium or ovaries. In contrast to metastatic disease,
where systemic drug administration is necessary to reach the malignant
cells, fibroid disease usually consists of a few well-circumscribed
lesions and, therefore, one mode of targeting may be direct intrafibroid
administration of the anti-angiogenic agent. This route has been previ-
ously reported to result in successful shrinkage of fibroids in a leiomyoma
rat model using gene therapy with adenoviruses expressing dominant
negative estrogen receptor or Herpes simplex virus 1 thymidine kinase
transgenes (Hassan et al., 2009, 2010). Alternatively, gene therapy
may be further designed to selectively target the fibroid endothelium
through transcriptional targeting or modification of the viral vector
tropism. It has been reported that adenoviral gene therapy could effi-
ciently target tumor angiogenic endothelium while sparing quiescent
endothelial cells using a modified preproendothelin-1 promoter that
encodes an apoptotic receptor (Triozzi and Borden, 2011). In addition,
modification of the adenoviral capsid was shown to modify its tropism,
targeting the virus to tumor endothelial cells (Shinozaki et al., 2006).
Moreover, dual targeting by both transcriptional and tropism control
has been suggested to further enhance safety of these treatments
(Work et al., 2004). Future research on characterization of the molecular
signature of fibroid vasculature may ultimately lead to the design of safe
and selective anti-angiogenic therapies. Table III summarizes the poten-
tial anti-angiogenic strategies for treatment of leiomyomas.

Furthermore, it should be considered that the development of new
blood vessels in fibroids is most probably mediated by several angiogenic
signaling pathways. In support of this is the up-regulation of multiple
angiogenic growth factors in these tumors as well as their down-
regulation associated with blood vessel regression following GnRHa or
SPRM treatment. Thus, inhibition of a specific growth factor may be com-
pensated by up-regulation of other factors. To overcome this, the use of
pleiotropic compounds which simultaneously target different mechan-
isms of blood vessel development, and/or their combination with
other established drugs, may be appropriate. In line with this, Laschke
et al. (2007) have shown in an animal model that an anti-angiogenic
agent inhibiting the three angiogenic growth factors VEGF, bFGF and
PDGF was much more effective in suppressing vascularization and
growth of endometriosis lesions than blockade of VEGF alone.

Conclusions
There is strong evidence to show that dysregulated angiogenesis plays a
critical role in fibroid pathophysiology, perhaps contributing to early
events in tumor development. Despite some variability reported
between studies, multiple angiogenic growth factors display altered ex-
pression in leiomyomas and are likely responsible for the vascular abnor-
malities seen in this disease. Moreover, the fibroid’s aberrant hypoxic and
angiogenic response may make it especially vulnerable to disruption of its
vascular supply, a feature that could be exploited for treatment purposes.
However, experimental evidence for the efficacyof anti-angiogenic treat-
ment strategies in uterine fibroids is limited. Thus, there is a need for
in-depth investigations of the growth factors that are involved in
normal and pathological myometrial angiogenesis, as well as translation
of the accumulating basic science evidence of abnormalities in fibroid vas-
cular biology to possible therapeutic advantage.
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