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background: Growth factors are proteins secreted by a number of cell types that are capable of modulating cellular growth, prolifer-
ation and cellular differentiation. It is well accepted that uterine cellular events such as proliferation and differentiation are regulated by sex
steroids and their actions in target tissues are mediated by local production of growth factors acting through paracrine and/or autocrine
mechanisms. Myometrial mass is ultimately modified in pregnancy as well as in tumour conditions such as leiomyoma and leiomyosarcoma.
Leiomyomas, also known as fibroids, are benign tumours of the uterus, considered to be one of the most frequent causes of infertility in
reproductive years in women.

methods: For this review, we searched the database MEDLINE and Google Scholar for articles with content related to growth factors
acting on myometrium; the findings are hereby reviewed and discussed.
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results: Different growth factors such as epidermal growth factor (EGF), transforming growth factor-a (TGF-a), heparin-binding EGF
(HB-EGF), acidic fibroblast growth factor (aFGF), basic fibroblast growth factor (bFGF), vascular endothelial growth factor (VEGF), insulin-like
growth factor (IGF), platelet-derived growth factor (PDGF) and TGF-b perform actions in myometrium and in leiomyomas. In addition to
these growth factors, activin and myostatin have been recently identified in myometrium and leiomyoma.

conclusions: Growth factors play an important role in the mechanisms involved in myometrial patho-physiology.
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Introduction
The myometrium is the muscular wall of the uterus that undergoes sig-
nificant changes in size and cellular properties in specific physiological
and pathological conditions. The myometrium mass undergoes mod-
erate changes during each reproductive cycle (Burroughs et al.,
2000) and dramatic changes throughout pregnancy (Johansson,
1984; Shynlova et al., 2006) and menopause (Wu et al., 2000). The
uterine mass growth during pregnancy represents one of the most
remarkable events in reproduction, with a massive increase in both
size and number of myometrial smooth muscle cells, to allow the
growing fetus to have the necessary support. During pregnancy, the
myometrium mass undergoes changes in cellular phenotype, charac-
terized by an early proliferative phase, an intermediate phase of cellu-
lar hypertrophy, and a final contractile/labour phase (Shynlova et al.,
2009). Myometrial mass and cellular morphology are also modified
in tumour conditions such as leiomyosarcoma and leiomyoma
(Matsuo et al., 1999; Walker and Stewart, 2005). Leiomyosarcomas
are rare aggressive malignant uterine smooth muscle tumours occur-
ring mainly in post-menopausal women (Emoto et al., 1999).
Uterine leiomyosarcoma usually presents features such as vaginal
bleeding (77–95%), pelvic pain (33%), uterine enlargement or a palp-
able pelvic mass (20–50%; Iwamoto et al., 2005).

Uterine fibroids
Uterine leiomyomas (fibroids or myomas) are common benign
tumours that arise from a single uterine smooth muscle cell
(Wallach and Vlahos, 2004). Uterine leiomyomas are the most
common cause of solid pelvic tumours, found in 20–40% of women
during their reproductive years (Wallach and Vlahos, 2004). The
common symptoms associated with uterine leiomyoma are irregular
and excessive bleeding and anaemia, pelvic discomfort, bowel and
bladder dysfunctions, pressure sensation in the lower abdomen and
pain during intercourse (Marsh and Bulun, 2006). Moreover, leiomyo-
mas have also been associated with infertility and recurrent abortion
(Olive and Pritts, 2010). These tumours tend to grow rapidly during
pregnancy and can therefore cause obstructed labour leading to
fetal malpresentation and fetal anomalies that often require a Caesar-
ean section, as well as post-partum haemorrhage secondary to uterine
atony (Walker and Stewart, 2005). Pregnant myometrium and uterine
fibroids are both characterized by an extraordinary myometrial growth
rate, apposition of extracellular matrix and changes in physiological
attributes, i.e. contraction. Leiomyomas share many characteristics
with the parturient myometrium, including increased production of
extra-cellular matrix components, the expression of receptors for
peptide and steroid hormones and the expression of the gap junction
protein connexin 43. The latter is required for cell–cell

communication and the synchronous contractions at labour.
However, unlike normal post-partum myometrium, leiomyomas fail
to regress via apoptosis and to undergo normal dedifferentiation
(Andersen et al., 1993; Andersen and Barbieri, 1995; Walker and
Stewart, 2005). Leiomyomas have characteristics of the well-
differentiated uterine smooth muscle cells of pregnancy as evidenced
by the fact that these tumour cells resemble the myometrial cells of
pregnancy more closely than they resemble typical myometrial cells
of a non-gravid uterus (Andersen et al., 1993; Andersen and Barbieri,
1995; Cesen-Cummings et al., 2003). Leiomyoma and pregnant myo-
metrium both present dysregulated patterns of cellular differentiation
and gene expression. In general, the major differences when compared
with normal non-pregnant myometrium are found for estrogen-
regulated genes including those encoding structural proteins, i.e. col-
lagens (Andersen and Barbieri, 1995; Shynlova et al., 2009).

Growth factors and myometrium
Growth factors are polypeptides or proteins that are secreted by a
number of cell types, have a wide range of biological effects, and gen-
erally act over short distances either in an autocrine and/or paracrine
manner. Growth factors exert most of their effects on target cells by
interacting with specific cell-surface receptors, with subsequent signal-
ling transmission via signal transduction systems in the cell
(Pusztai et al., 1993). Importantly, growth factors are essential
elements in controlling the cellular proliferation rate, and overexpres-
sion of either growth factors or their cognate receptors may contrib-
ute to tumourigenesis.

To date, factors known to act on myometrial cells are:
epidermal growth factor (EGF) (Yeh et al., 1991), heparin-binding EGF
(HB-EGF) (Mangrulkar et al., 1995), platelet-derived growth factor
(PDGF) (Boehm et al., 1990), insulin-like growth factor (IGF) (Boehm
et al., 1990; Gloudemans et al., 1990), transforming growth factor-a
(TGF-a) (Dixon et al., 2000), vascular endothelial growth factor
(VEGF) (Harrison-Woolrych et al., 1995; Dixon et al., 2000; Sanci
et al., 2011), acidic fibroblast growth factor (aFGF) (Wolanska and Bank-
owski, 2006) and basic fibroblast growth factor (bFGF) (Mangrulkar
et al., 1995). All the above cited growth factors are ligands of the well
known and established receptor tyrosine kinases (RTK) that activate
two critical signalling cascades such as the Ras-Erk/MAP kinase and
phosphatidylinosite-3 kinase (P13K)-AKT-mTor pathways (Fig. 1;
McKay and Morrison, 2007). In addition, members of the TGF-b super-
family, such as TGF-b (Chegini et al., 1994; Dou et al., 1996; Tang et al.,
1997) as well as activin (Ciarmela et al., 2008, 2011) and myostatin
(Ciarmela et al., 2009, 2011) are also important growth factors involved
in myometrial cell biology, acting through activation of the serine/threo-
nine kinase receptors/Smad pathway.
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Cripto, an EGF-CFC (Epidermal Growth Factor-Cripto, FRL-1,
Cryptic) protein that was first isolated as a putative oncogene from a
human teratocarcinoma cell line (Ciccodicola et al., 1989), also has
growth factor-like activity and interacts with the functional signalling of
other growth factors including TGF-b (Gray et al., 2006), activin (Gray
et al., 2003), Nodal (Shen, 2007; Kelber et al., 2008) and myostatin
(Ciarmela et al., 2011). Recently, Strizzi et al. (2007) reported
Cripto-1 (CR-1) expression during leiomyosarcoma development of
MMTV-CR-1 transgenic mice, with approximately one-fifth (19.7%) of
the MMTV-CR-1 transgenic mice developing uterine leiomyosarcomas
as opposed to 0% of the FVB/N normal control mice observed for
the same time period. These authors further demonstrated that
human leiomyosarcoma and leiomyoma had deranged Cripto mRNA
expression and that normal uterine smooth muscle cells treated with
exogenous Cripto exhibited increased proliferation and migration
rates in comparison with non-treated cells (Strizzi et al., 2007).

Steroid hormones and growth factors
Uterine cellular proliferation and differentiation are regulated by steroid
hormones. It is well established that ovarian steroids act in their target
tissue, at least in part, through local modulation of a number of

growth factors, cytokines and chemokines. This autocrine/paracrine
signalling plays an important role in the events involved in myometrium
cellular transformation and turnover that are ultimately involved in leio-
myoma pathophysiology. In this scenario, many cytokines including
interleukin (IL)-1, IL-6, IL-11, IL-13, IL-15, interferon (IFN)-g, tumour
necrosis factor (TNF)-a, granulocyte-macrophage colony-stimulating
factor (GM-CSF) and erythropoietin have been documented in the myo-
metriun and leiomyoma. These and other cytokines play a central role in
regulating inflammation, angiogenesis and tissue remodelling and, impor-
tantly, cytokine and growth factor interactions have been associated
with subepithelial airway fibrosis and leiomyoma pathophysiology. For
a complete review on the implications of inflammatory-related
mediators in the development of leiomyomas and their interaction
with ovarian hormones and growth factors, the reader is referred to
Chegini (2010). The mitogenic action of steroids in their target tissues
is considered to be mediated by local production of growth factors
acting through paracrine and/or autocrine mechanisms. The modulation
of growth factor expression by steroids suggests growth factors rep-
resent the ultimate effectors of many steroid hormone actions. In
addition to the genomic actions of steroid hormones on growth factor
expression, non-genomic interactions of growth factors and hormone
signalling pathways have also been demonstrated (Nierth-Simpson
et al., 2009; Yu et al., 2010).

Recently, some reports have provided evidence for a non-genomic
interface between estrogen (E2) and some cytoplasmic signalling path-
ways, such as TGF-b/Smad and MAP kinase (Hermon et al., 2008)
pathways in leiomyoma cells via growth factor activation. In fact, the
genomic effects of E2 can be enhanced or amplified by cytoplasmic
signalling pathways triggered by growth factor receptors or by
plasma membrane estrogen receptors (ERs). In addition, non-genomic
E2 signalling might be coupled to feedback mechanisms leading to the
regulation of growth factors through the activation of growth factor
receptors (Yu et al., 2010).

This review aims to synthesize the knowledge currently available
regarding the roles of different growth factors and their interactions
with steroid hormones in the regulation of myometrial cell function.

Methods
To generate this review, multiple strategies were used to identify relevant
studies between growth factors and myometrium. We conducted exten-
sive Medline and Google Scholar search using combinations of the follow-
ing search items: myometrium, leiomyoma, leiomyosarcoma, growth
factors (EGF, TGF-a, HB-EGF, aFGF, bFGF, VEGF, IGF, PDGF, TGF-b,
Activin and Myostatin), sex steroid hormones (estrogen, progesterone),
cripto, extracellular matrix, myomectomy, hysterectomy, uterine artery
embolization, magnetic resonance-guided focused ultrasonography,
laparoscopic uterine artery occlusion, cryomyolysis, GnRHa, SPRMs,
SERMs, RTK, MAPK/ERK/Smad pathway and P13/AKT/mTOR
pathway. Bibliographies were cross-referenced to identify additional
studies. All relevant articles and additional articles cited in primary refer-
ences are included. We summarized the work related to growth factors
and their regulation by sex steroids in myometrium and leiomyomas.
This review highlights the role of growth factors in the pathogenesis and
future therapy of uterine fibroids as well as the need for further research
on the functions of growth factors and their regulation by steroids, as many
studies have focused on expression only.

Figure 1 RTK pathways. Different growth factors (EGF, HB-EGF,
PDGF, IGF, TGF-a, VEGF, aFGF, bFGF) can act as ligand of the
RTK and therefore two different signalling cascades such as
Ras-Erk/MAPK and P13K-AKT-mTor pathways can be activated.
RTK, receptor tyrosine kinases; EGF, epidermal growth factor;
HB-EGF, heparin-binding EGF-like growth factor; PDGF, platelet-
derived growth factor; IGF, insulin-like growth factor; TGF-a, trans-
forming growth factor-a; VEGF, vascular endothelial growth factor;
aFGF, acidic fibroblast growth factor; bFGF, basic fibroblast growth
factor; MAPK, mitogen-activated protein kinase; P13K,
phosphatidylinosite-3 kinase.

774 Ciarmela et al.



Epidermal growth factor
EGF, a 6045-kDa protein with 53 amino acid residues and three intra-
molecular disulfide bonds, signals via its transmembrane EGF-receptor
(EGF-R also known as ErbB1 or HER1) to regulate key processes of
cell biology such as proliferation, survival, and differentiation during
development, tissue homeostasis and tumourigenesis (Carpenter
and Cohen, 1990). The EGF-R is one of the most versatile signalling
units in biology. EGF-induced activation of EGF-R results in phos-
phorylation of specific tyrosine residues within the cytoplasmic recep-
tor tail. These phosphorylated tyrosine residues in turn serve as
docking sites for proteins containing Src homology 2 (SH2) and
phosphotyrosine-binding (PTB) domains that coordinate the activation
of multiple downstream signalling pathways. In mammals, canonical
EGF-R activation involves the binding of seven peptide growth
factors including EGF, TGF-a and heparin-binding EGF (HB-EGF;
Yarden and Sliwkowski, 2001).

Uterine effects
EGF and EGF-R mRNA have both been identified in myometrial and leio-
myoma cells (Yeh et al., 1991) and immunolocalization of both proteins
has also been described in the cytoplasm of smooth-muscle cells of leio-
myomas and matched myometrium (Dixon et al., 2000). Interestingly,
EGF-positive staining signals in leiomyoma tissue from the proliferative
phase is significantly decreased compared with matched myometrium
(Dixon et al., 2000). Myometrial and leiomyoma cells express an
EGF-R isoform with a molecular mass of 133 kDa (Yeh et al., 1991; Shi-
momura et al., 1998). Moreover, leiomyoma and myometrium contain
specific, high-affinity binding sites for EGF (Hofmann et al., 1984). EGF
is mitogenic for both cultured myometrium and leiomyoma cells
(Fayed et al., 1989; Rossi et al., 1992), and it has been demonstrated
that EGF plays a crucial role as a local growth factor in regulating leio-
myoma growth (Yeh et al., 1991; Rossi et al., 1992). A role for EGF in
leiomyoma growth is also supported by the fact that the selective
EGF-R blocker AG1478 is able to block leiomyoma cell proliferation
(Shushan et al., 2004). Shushan et al. (2007) also demonstrated that leio-
myoma cell growth is effectively blocked by TKS050, a new EGF-R inhibi-
tor. TKS050 induced cell cycle arrest and apoptosis in a dose- and
time-dependent manner. This newly developed inhibitor may be
useful as a possible alternative therapy for leiomyomas in the years to
come (Shushan et al., 2007). Recently, NADPH oxidase-derived ROS
(reactive oxygen species) have been shown to be critical component
of the MAP kinase mitogenic pathway of EGF signalling in leiomyoma
smooth muscle cell proliferation. This ROS production is inhibited by
the NADPH oxidase inhibitor (DPI), suggesting the presence of the
NADPH oxidase system and its importance in mitogenic signalling path-
ways in leiomyoma smooth muscle cells. The development of new thera-
pies for the treatment and/or prevention of uterine leiomyomas should
take advantage of the discovery of the NADPH oxidase-derived ROS
acting in EGF signalling pathways leading to cell proliferation (Mesquita
et al., 2010; Fig. 2).

Steroid regulation
Steroid regulation of EGF has been long documented by several
reports. Progesterone (P4) up-regulates EGF expression in leiomyoma
cells (Shimomura et al., 1998; Matsuo et al., 1999; Maruo et al., 2003).

Wang et al. (2006) recently found that asoprisnil (J867), a novel selec-
tive P4 receptor (PR) modulator down-regulated expression of EGF
and its receptors in cultured uterine leiomyoma cells without altering
EGF-induced proliferation and apoptosis rates in normal myometrial
cells (Wang et al., 2006). E2 reduces the stimulatory effect of EGF
and also inhibites 3H-thymidine incorporation by the smooth muscle
cells (Rossi et al., 1992). It has also been found that E2 treatment
reduces EGF expression but up-regulates the expression of EGF-R
and proliferating cell nuclear antigen (PCNA), an endogenous
marker of cell proliferation, in both myometrium and leiomyoma
cells (Shimomura et al., 1998; Matsuo et al., 1999).

Transforming growth factor-a
TGF-a is single-chain, 50-amino acid polypeptide that is structurally
similar to EGF and a potent member of the EGF family. Both TGF-a
and EGF bind to the same receptor (EGF-R) triggering cell growth
and proliferation in a broad range of cell types (Massague, 1983;
Tam et al., 1984).

Uterine effects
TGF-a is reported to be minimally to not expressed in the cytoplasm
of smooth-muscle cells of leiomyomas and matched myometrium in
women in the proliferative phase of the menstrual cycle (Dixon
et al., 2000). Moore et al. (2000) similarly showed that while TGF-a
and its receptor, EGF-R, were intensely expressed in uterine leiomyo-
sarcomas, their expression was absent in leiomyomas and also in

Figure 2 EGF and PDGF signalling in leiomyoma formation through
MAPK pathway. NADPH oxidase-derived ROS have been shown to
be a critical component of the MAPK pathway of EGF and PDGF sig-
nalling in leiomyoma smooth muscle cell proliferation. ROS, reactive
oxygen species.

Growth factors in myometrium 775



control myometrium in B6C3F1 mice (an outbred strain originated
from crossing C57BL/6 with C3H mice).

Steroid regulation
Newbold et al. (2002) have demonstrated that diethylstilbestrol
(a synthetic estrogenic compound) induces uterine leiomyomas and,
interestingly, these tumours showed focal areas of atypia expressing
TGF-a. These findings are similar to previous reports performed in
B6C3F1 mice (Moore et al., 2000). Altogether, available evidence
suggests that TGF-a expression may be an early and necessary
event for malignant transformation and also an important biomarker
of malignancy in uterine smooth muscle tumours in mice (Newbold
et al., 2002).

Heparin-binding EGF
HB-EGF is a 22 kDa EGF family member that was first identified in the
macrophage-like cell-conditioned medium (Higashiyama et al., 1991).
HB-EGF binds to its cognate receptors, human EGF receptor 1
(HER1) and HER4 (Elenius et al., 1997).

Uterine effects
HB-EGF is present in normal myometrium and in fibroid tumours
(Nowak, 2000). Similar to EGF, HB-EGF shows a decreased
expression in leiomyomas relative to normal myometrium (Mangrulkar
et al., 1995). The receptor HER1 protein has been detected in leio-
myoma and myometrial cells (Dixon et al., 2000) and HB-EGF stimu-
lates the proliferation of both leiomyoma and myometrial cells and
inhibits apoptosis through augmentation of HER1 expression. Treat-
ment with HB-EGF results in a dose-dependent increase in PCNA
expression in both cells compared with untreated control cultures.
However, the proliferative potential of the myometrial cells responded
better to HB-EGF than that of leiomyoma cells suggesting that HB-EGF
may play a more vital role in normal myometrial growth than in leio-
myoma growth (Wang et al., 2005).

Steroid regulation
While there is no evidence for sex steroid regulation of HB-EGF in
myometrium, sex steroid regulation of HB-EGF has been documented
in mouse (Wang et al., 1994) and rat (Zhang et al., 1994) uterus. In
adult ovariectomized mouse uterus, E2 regulates HB-EGF expression
in the luminal epithelium, whereas expression of HB-EGF in the
stroma is regulated by both E2 and P4 (Wang et al., 1994). On the
other hand, Zhang et al. (1994) demonstrated that P4 stimulated
the expression of HB-EGF in isolated rat uterine stromal cells, but
repressed HB-EGF expression in isolated uterine epithelial cells.
Whereas E2 treatment strongly enhanced HB-EGF expression in epi-
thelial cells, it had no effect on HB-EGF mRNA levels in stromal
cells. P4 treatment followed by E2 injection still stimulated HB-EGF
expression in isolated stromal cells and repressed expression in epi-
thelial cells (Zhang et al., 1994).

Acidic fibroblast growth factor
Fibroblast growth factor-1 (FGF-1) or acidic FGF (aFGF) is a multifunc-
tional peptide which is usually isolated as a form with a molecular mass

of 16–18 kDa. It belongs to the large family of FGFs that signal through
high-affinity tyrosine kinase-linked FGF receptors (FGFR1–4) to regu-
late cell growth, differentiation and other cell functions.

Uterine effects
aFGF mRNA expression was detected in uterine myometrial cells
(Samathanam et al., 1998). Hague et al. (2000) observed aFGF
expression also in leiomyomas (Hague et al., 2000). Later, aFGF
mRNA was confirmed in both myometrium and uterine leiomyomas
and an increased expression occurring during tumour growth was
reported (Wolanska and Bankowski, 2006). aFGF mRNA was also
overexpressed during mass myometrium conversion into leiomyoma
(Wolanska et al., 2008).

Steroid regulation
Samathanam et al. (1998) found that FGF-1 immunoreactivity is
robustly increased while its mRNA levels are not appreciably
increased by E2, suggesting that the peptide abundance is regulated
at the level of translation or protein stability (Samathanam et al.,
1998).

Basic fibroblast growth factor
Basic fibroblast growth bFGF (or FGF-2) is a 18 kDa protein that
belongs to the FGF family, which includes a number of mitogenic pro-
teins characterized by their affinity for heparin and heparin-like mol-
ecules (Gospodarowicz et al., 1987). bFGF binds to two major
receptors with high affinity; one is fibroblast growth factor type I
receptor (FGFR-1) and other is the type II receptor (FGFR-2)
(Fernig and Gallagher, 1994).

Uterine effects
Several researchers reported the expression of bFGF and its receptors
FGFR-1 and FGFR-2 in both leiomyoma and myometrial cells
(Pekonen et al., 1993; Mangrulkar et al., 1995; Dixon et al., 2000;
Nowak, 2000; Wu et al., 2001; Flake et al., 2003; Wolanska and Bank-
owski, 2006), with more distinct expression of FGFR-1 in the tumours
compared with myometrium (Wolanska and Bankowski, 2006).
Although bFGF is mitogenic for both human uterine myometrial and
leiomyoma cells, leiomyoma cells are less responsive (Rauk et al.,
1995). bFGF also regulates angiogenesis (Anania et al., 1997; Hong
et al., 2001). This factor can also bind to a component of the extra-
cellular matrix of leiomyomas (Dixon et al., 2000).

Steroid regulation
E2 exhibits no synergism with the mitogenic effect of bFGF (Rauk et al.,
1995). However, Rider et al. (1997) reported that E2 and P4 regulate
bFGF mRNA expression in the rat uterus (Rider et al., 1997).

Vascular endothelial growth
factor
VEGF is a secreted, heparin-binding homodimeric glycoprotein of
�46 kDa that consists of six isoforms (VEGF121, VEGF145, VEGF165,
VEGF183, VEGF189 and VEGF206) (Tischer et al., 1991; Poltorak
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et al., 1997; Lei et al., 1998). VEGF stimulates cellular responses by
binding to tyrosine kinase receptors, VEGFR-1 (fms-like tyrosine
kinase: flt-1) and VEGFR-2 (kinase domain-containing receptor:
KDR/flk- 1).

Uterine effects
VEGF mRNA and protein expression have been identified in the
smooth muscle cells of both normal myometrium and leiomyomas
(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 (Brown et al., 1997), leiomyomas and in
cellular leiomyomas (Sanci et al., 2011). A stronger VEGF expression
was found in leiomyomas than in adjacent myometrium, indicating
that local angiogenesis may be important for the development and
growth of these tumours (Gentry et al., 2001). Hong et al. (2001)
reported that VEGF is significantly expressed in leiomyosarcoma com-
pared with leiomyoma. VEGF stimulates angiogenic activity which is
responsible for actively growing tumours and may enhance the
growth of fibroids and disease progression in many carcinomas
(Hong et al., 2001; Flake et al., 2003; Arita et al., 2005).

Steroid regulation
Both E2 end P4 induce VEGF expression in the rodent uterus (Hyder
et al., 2000).

Insulin-like growth factor
IGFs are multifunctional peptides, structurally related to proinsulin
(Duan, 2002) that consist of two ligands, IGF-I and IGF-II. IGFs bind
to two cell-surface receptors (IGF-IR and IGF-IIR), and to a family
of six high-affinity IGF-binding proteins (IGFBP 1–6) (Yu and Berkel,
1999).

Uterine effects
IGF-I and IGF-II mRNAs are present in leiomyoma and myometrium
(Boehm et al., 1990; Gloudemans et al., 1990; Giudice et al., 1993;
Van der Ven et al., 1997) as well as in leiomyosarcoma (Gloudemans
et al., 1990; Van der Ven et al., 1997). Specifically, IGF-II mRNA is
more highly expressed in leiomyosarcoma when compared with
normal myometrium and leiomyoma (Gloudemans et al., 1990; Van
der Ven et al., 1997). IGF-I content in leiomyomas is higher than in
myometrium (Dixon et al., 2000; Wolanska and Bankowski, 2004;
Yu et al., 2008; Zhao et al., 2008). IGF-I, but not IGF-II, is mitogenic
in leiomyoma cell cultures (Strawn et al., 1995). In addition, IGF-I plays
a crucial role in leiomyoma cell growth, not only by increasing PCNA
expression, but also by up-regulating Bcl-2, an apoptosis-inhibiting
gene product, in leiomyoma cells (Gao et al., 2001; Maruo et al.,
2003). Peng et al. (2009) examined whether deregulation of IGFs
and IGF signalling is a common event present in symptomatic leiomyo-
mas and whether IGFs are associated with large fibroids. The results
showed that IGF-I but not IGF-II levels are directly correlated with
activation of p-AKT and p-S6K. Larger fibroids showed higher levels
of IGF-1 and p-AKT activity when compared with small ones (Peng
et al., 2009). Furthermore, IGF has also been demonstrated to
promote increased cellular proliferation in uterine leiomyoma cells,
through activation of the MAPK pathway, and such an effect was

reversed by the use of a neutralizing antibody against the IGF-IRb in
vitro (Yu et al., 2008). In most situations, IGF-binding proteins inhibit
the actions of IGFs by blocking their binding to the receptor; in
certain circumstances, however, these binding proteins may be able
to enhance IGF-I actions by binding to it and preventing its degra-
dation, thereby increasing its bioavailability in target tissues (Yu and
Berkel, 1999). The lower levels of IGF-binding protein-3 in leiomyo-
mas than in myometrium could also be significant, as this would
increase the bioavailability of free bioactive IGF in fibroids (Vollenho-
ven et al., 1993; Flake et al., 2003). It has been observed that IGF-I and
IGF-binding protein (IGFBP) expression is associated with the prolif-
erative phenotype during early pregnancy of rat. Specifically, high
levels of IGF-I and its binding proteins (IGFBP-I and IGFBP-III) were
observed during Days 6–14 of gestation (Shynlova et al., 2007b,
2009).

Steroid regulation
IGF-I, similarly to progesterone receptor (PR), transcripts in both leio-
myoma and myometrium in the proliferative phase were significantly
higher than those after GnRH-a treatment, indicating that the leio-
myoma fibroid shrinkage after steroid deprivation is associated with
alterations in IGF-I and PR expression (Wu et al., 2002). Significantly,
decreased IGF-I mRNA and protein expression were observed in cul-
tured leiomyoma cells with the treatment of P4 either alone or in com-
bination with E2, whereas E2 treatment alone was unable to cause any
significant effect, demonstrating a role for P4 in modulating IGF-I
expression in leiomyoma (Yamada et al., 2004). Specifically, Ying
and Weiyuan (2009) examined whether P4 affects IGF-I mRNA
expression through P4 receptor B (PRB) mRNA in leiomyoma. Their
finding revealed that P4 down-regulated IGF-I expression through
PRB, and PRA appeared to inhibit this function of P4 by inhibiting
the transcription of PRB; thus, the action of P4 on leiomyoma
growth may depend on different ratios of PRA and PRB (Ying and
Weiyuan, 2009). In cultured leiomyoma cells, P4 treatment inhibited
the expression of IGF-I as well as the cytokine TNF-a and, conversely,
augmented the expression of Bcl-2 (Maruo et al., 2003). The PR
modulator, asoprisnil (J867), also inhibited the expression of IGF-I
and their receptor (IGF-IRa) in cultured uterine leiomyoma cells but
not in normal myometrial cells (Wang et al., 2006). Asoprisnil (J867)
also decreased Bcl-2 expression in leiomyoma cells but not in
normal myometrial cells (Ohara et al., 2007). These two different
studies provide evidence that asoprisnil inhibits proliferation by down-
regulating the expression of specific growth factors and their receptors
and by allowing apoptosis in leiomyoma cells without affecting prolifer-
ation and apoptosis in normal myometrial cells.

IGF-I is classically considered an estrogen-regulated gene. Interest-
ingly, Swartz et al. (2005) performed microarray studies comparing
estrogen-treated uterine leiomyoma cells and normal myometrial
cells to untreated cells and found several genes that were differentially
expressed, including IGF-I. It has also been demonstrated that low
concentrations of genistein, a soy-derived phytoestrogen, have a
stimulatory effect in human leiomyoma cells but not in smooth
muscle cells (Moore et al., 2007) where it induces ER-alpha (ER-a)
and IGF-I receptor interactions and cell proliferation (Di et al.,
2008). It is likely that the binding of estrogens to ER-a in the cytoplasm
induces interactions between ER-a and IGF-IR leading to the activation
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of MAPK. This may then in turn lead to activation of ER resulting in
enhanced ER transcriptional activity and up-regulation of IGF
expression thus creating a positive feedback regulatory mechanism
and/or autocrine mechanism that stimulates leiomyoma cell prolifer-
ation (Di et al., 2008).

Platelet-derived growth factor
PDGF is a 125-amino acid dimeric glycoprotein with both homodi-
meric (AA and BB) and heterodimeric (AB) forms linked by disulphide
bonds (Dalla-Favera et al., 1982; Betsholtz et al., 1986). PDGF exists in
five different isoforms (PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC
and PDGF-DD) that activate cellular responses through two different
receptors, PDGF-Ra and PDGF-Rb. Specifically, PDGF-Ra, binds the
A-, B- and C-chains with high affinity while PDGF-Rb, binds only the
B- and D-chains (Heldin et al., 2002).

Uterine effects
PDGF and PDGF-R expression have been documented in both normal
myometrial and leiomyoma tissues (Boehm et al., 1990; Mangrulkar
et al., 1995; Nowak, 2000) and cells (Palman et al., 1992; Rossi
et al., 1992) but discordant data have been reported regarding their
levels of expression. More than 20 years ago it was reported that
more PDGF-R sites are present in cultured leiomyoma cells than in
myometrial cells, but that their receptor affinity is lower in leiomyoma
than in myometrium (Fayed et al., 1989). Liang et al. (2006) reported
higher expression of PDGF-AA, PDGF-BB and receptors in leio-
myoma than in myometrium (Liang et al., 2006), while later Hwu
et al. (2008) reported that there are no significant differences in the
above factors and also of PDGF-DD in leiomyoma compared with
adjacent myometrial tissues (Hwu et al., 2008). PDGF-CC has been
reported to be more highly expressed in leiomyoma tissues compared
with adjacent myometrial tissues (Hwu et al., 2008) as well as in
fibroid-derived smooth muscle cells compared with myometrial-
derived smooth muscle cells (Suo et al., 2009). PDGF stimulates
DNA synthesis as well as protein synthesis (Fayed et al., 1989),
increases collagen alpha1 expression (Liang et al., 2006) and modu-
lates the rate of cell proliferation in myometrium and leiomyoma
cells (Arici and Sozen, 2003; Liang et al., 2006). Taniguchi et al.
(2001) examined whether or not PDGF would be able to stimulate
the expression of VEGF in cultured human myometrial smooth
muscle cells. They reported that PDGF treatment enhanced VEGF
immunoreactivity and stimulated cell proliferation (Taniguchi et al.,
2001). Mesquita et al. (2010) demonstrated that NADPH oxidase-
derived ROS is a necessary component of the MAP kinase mitogenic
pathway activated by PDGF in leiomyoma smooth muscle cells. Their
experimental results showed that stimulation of these cells with PDGF
caused a marked increase in intracellular ROS production, while a
NADPH oxidase inhibitor (DPI) blocked ROS production in a dose-
dependent fashion (Fig. 2). Moreover, PDGF treatment caused an
increase in 3H-thymidine incorporation by leiomyoma smooth
muscle cells (Mesquita et al., 2010). PDGF also interacts with other
growth factors such as TGFb and EGF to enhance proliferation
(Fayed et al., 1989; Wolanska and Bankowski, 2007).

Steroid regulation
Steroid hormones regulate PDGF expression. An E2 role in activating
PDGF expression has been reported by the use of an antiestrogenic
compound (ICI 182780) in cultured leiomyoma cells. This compound
was able to prevent E2-induced PDGF expression, thus revealing that
PDGF is in fact, one of the growth factors involved in the proliferative
response of leiomyoma smooth muscle cells to estrogen stimulation in
vitro (Barbarisi et al., 2001). Nonetheless, E2 inhibited 3H-thymidine
incorporation by the smooth muscle cells and at the same time
reduced the stimulatory effect of PDGF in human myometrial tissue
(Rossi et al., 1992). The reduced levels of PDGF production observed
after GnRH-a treatment and the relationship between decreased
PDGF expression and greater shrinkage in uterine volume suggest a
mitogenic action of PDGF in leiomyomas (Di Lieto et al., 2002).

Transforming growth factor-b
TGF-b is a dimeric protein composed of two identical 112 amino acid
subunits. In humans, there are three TGF-b isoforms described so far
(TGF-b1, TGF-b2 and TGF-b3), which are encoded by separate
genes (Sozen and Arici, 2002). All TGF-b isoforms accomplish their
biological functions through three types of transmembrane receptors:
type I (ALK-5), type II and type III (betaglycan) (Massague et al., 1994).

Uterine effects
TGF-b and its receptors are expressed in human myometrium
(Chegini et al., 1994; Tang et al., 1997) and leiomyomas (Dou et al.,
1996; Chegini et al., 2003; Xu et al., 2003; Ding et al., 2004). Their
putative role in leiomyoma pathogenesis has been hypothesized
because TGF-bs, their receptors and downstream signalling
mediators, like Smad 2/3 complexes, are overexpressed in leiomyoma
compared with normal myometrium (Dou et al., 1996; Arici and
Sozen, 2000; Lee and Nowak, 2001; De Falco et al., 2006; Norian
et al., 2009). Moreover, evidence from a genetically susceptible
animal model indicates that TGF-b signalling may be critical for the
maintenance of the disease. Moreover, in mutant rats that develop
uterine leiomyomas spontaneously, treatment with a synthetic
TGF-bR1 kinase inhibitor, SB-525334, decreased the incidence,
number and size of these tumours (Laping et al., 2007).

Many reports have investigated the TGF-b effects on human uterine
smooth muscle cells in vitro, demonstrating that it is the prototype of a
bimodal regulator of cell growth, which can either inhibit or stimulate
the proliferation of smooth muscle cells, depending of the growth
factor concentration range. At low concentrations, all TGF-b isoforms
induce the proliferation of human uterine smooth muscle cells in a
dose-dependent manner (Tang et al., 1997). Equally, two independent
studies have shown that TGF-b3 at low concentrations stimulates the
proliferation of leiomyoma cells (Arici and Sozen, 2000; Lee and
Nowak, 2001). In a similar fashion, TGF-b at low concentrations
enhances DNA replication in human vascular smooth muscle cells,
whereas this effect disappears at higher concentrations (Battegay
et al., 1990).

Figure 3 summarizes how TGF-b affects other paracrine and auto-
crine regulators of cell proliferation and tumour expansion. TGF-b3
induced a molecular phenotype in myometrial and leiomyoma cells
with elevated production of ECM-related genes and decreased
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production of ECM degradation-related genes (Joseph et al., 2010).
Arici and Sozen (2000) also reported that TGF-b3 induces fibronectin
(a high-molecular weight extracellular matrix glycoprotein) expression
in leiomyoma cells, suggesting that TGF-b3 may mediate the growth-
promoting effects on leiomyomas by playing a role in the fibrogenic
process that characterizes these tumours (Arici and Sozen, 2000).
Wolanska and Bankowski (2007) reported that TGF-b induces pro-
liferation of cells at low concentrations by stimulating autocrine
PDGF secretion. In contrast, higher concentrations of TGF-b1
evoke the opposite effect via down-regulation of the PDGF receptor
and by direct growth inhibition (Wolanska and Bankowski, 2007).
TGF-b is also able to modulate the production of paracrine and auto-
crine mediators of the inflammatory response, cell growth, apoptosis
and tissue remodelling (Luo et al., 2005, 2006; Yen-Ping Ho et al.,
2009; Fig. 3). TGF-b acts through the activation of MAPK/ERK/
Smad pathways and regulates the expression of different types of
genes whose products may, at least in part, influence the outcome
of leiomyoma growth and regression (Ding et al., 2004; Levens
et al., 2005; Luo et al., 2006; Fig. 3).

Steroid regulation
Regarding the physiological and pharmacological changes due to sex
steroid hormones, the highest level of TGF-b3 mRNA is observed
in leiomyoma from the mid-secretory phase of menstrual cycle,
suggesting that P4, possibly in combination with E2 (which up-regulates
progesterone receptor), stimulates TGF-b3 expression in myome-
trium and leiomyoma (Arici and Sozen, 2000). In line with this hypoth-
esis, the selective PR modulator asoprisnil inhibits the expression of
TGF-b3 and TGF-bRII in cultured uterine leiomyoma cells (Wang
et al., 2006).

Interestingly, the expression of TGF-b3 (De Falco et al., 2006) and
TGF-bR (Chegini et al., 2003; Xu et al., 2003) is down-regulated in
uterine leiomyomas from women undergoing GnRH-a therapy. This
effect is a consequence of the antiproliferative state induced by the
pharmacological suppression of ovarian steroids, a classical mechanism
of GnRH-a action. In leiomyoma cells, the DNA synthesis induced by
TGF-b1 can be inhibited by the addition of GnRH-a in the culture
medium (Chegini et al., 2002), suggesting that the anti-proliferative
effect of GnRH-a on these tumours is partly mediated by a direct
effect on their cells.

The steroid modulation of TGF-b expression is demonstrated also
by the study on pregnant rat myometrium. TGF-b1 gene expression
increases during the second half of gestation, whereas TGF-b3 gene
expression and protein levels display a bimodal pattern, with a first
peak at mid-gestation and a second peak at term (Shynlova et al.,
2007a). The expression of TGF-b3 can be artificially modulated in
this animal model, being stimulated by the PR antagonist mifepristone
and inhibited by P4 at late gestation (Shynlova et al., 2007a).

Activin
Activin-A is a dimer of two activin bA subunits belonging to the TGF-b
superfamily. Activin binds to cell-surface receptor complexes display-
ing two distinct classes of receptor serine kinases called type I and
type II. Activin first binds to type II activin receptors, either ActRIIA
or ActRIIB, and only binds a type I receptor, activin receptor-like
kinase 4 (ALK4), once bound to the type II receptors. Within the
receptor complex, type II receptors phosphorylate, and thereby acti-
vate, ALK4, which in turn phosphorylates intracellular substrates such
as the Smad proteins. Activin induces ALK4 dependent phosphoryl-
ation of Smad 2 and Smad 3, which mediate transcriptional regulation
of activin target genes. Activin signalling is also regulated by several

Figure 3 Local regulatory proteins that mediate some of the actions of TGF-b in human myometrium and leiomyoma. TGF-b acts through MAPK/
ERK/Smad pathway, regulates the expression of different genes and thereby modulates different actions (in the squares) that may contribute to the
leiomyoma formation.
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membrane (Cripto) and extracellular factors, including the receptor
antagonist, inhibin, and the activin-binding proteins, follistatin and
follistatin-related gene (FLRG) (Vale et al., 2004; Fig. 4).

Uterine effects
The role of activin in myometrium has been controversial. Binding of
iodinated activin-A was reported in rats (Draper et al., 1997), and
expression of activin receptors was detected in one study (Hayashi
et al., 2003) but not detected in another (Schneider-Kolsky et al.,
2001). Importantly, it was recently demonstrated that activin-A can
regulate myometrial cell functions (Ciarmela et al., 2008). Uterine
tissue and two well-characterized myometrial cell lines, PHM1
(pregnant human myometrial 1) (Monga et al., 1996) and hTERT
HM (telomerase reverse transcriptase-infected human myometrial)
(Condon et al., 2002) respond to activin-A as measured by phos-
phorylation of Smad-2. Those cell lines express a full complement of
activin receptors, as well as activin bA subunit and follistatin. Activin
inhibited proliferation of PHM1 and hTERT HM cells in a time and
dose-dependent manner, with more extensive growth inhibition

observed in PHM1. In PHM1, activin-A decreased oxytocin receptor
and HoxA-10 mRNA expression but did not alter total PR,
cyclooxygenase-2 (Cox-2), and connexin 43 mRNA expression
levels. Furthermore, treatment of PHM1 myometrial cells with
activin-A attenuated oxytocin and thromboxaneA2 induced intracellu-
lar Ca2+ accumulation. Compared with untreated controls, PHM1
cells cultured with activin-A appeared larger, and morphometric analy-
sis confirmed that both their area and volume were increased. The
change in the microscopical appearance and size of activin-treated
PHM1 cells suggested that activin-A could have altered their levels
of matrix proteins (Ciarmela et al., 2008).

Steroid regulation
In vivo experiments demonstrated that activin mRNA expression is
regulated in rodent uterus during the estrous cycle (Jones et al.,
2006) and in response to steroid deprivation and replacement (Ciar-
mela et al., 2009). E2 treatment of human myometrial and leiomyoma
tissue explants reduced activin-A mRNA levels while no changes were
observed after P4 treatment. Steroidal regulation was also confirmed

Figure 4 Activin and myostatin transduction signalling (A) and binding proteins (B) in myometrial system. Activin or myostatin first binds to type II
receptors, and only binds type I receptors once bound to type II receptors. Within the receptor complex, type II receptors phosphorylate, and
thereby activate, type I receptors, which in turn phosphorylates intracellular substrates such as the Smad proteins which mediate transcriptional regu-
lation of activin target genes. Activin signalling is also regulated by several membrane (Cripto) and extracellular factors, including the activin-binding
proteins, follistatin and FLRG. The higher expression of the binding proteins in leiomyoma may produce reduced sensitivity to the anti-proliferative
effects of activin and myostatin on myometrial cells and therefore contribute to leiomyoma formation.
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by the finding that activin mRNA levels were higher in menopausal
than in fertile myometrial specimens (Ciarmela et al., 2011).

Myostatin
Myostatin is a highly conserved TGF-b family member that functions as
an endogenous inhibitor of muscle growth in diverse species
(Grobet et al., 1997; Kambadur et al., 1997; McPherron et al., 1997;
McPherron and Lee, 1997; Schuelke et al., 2004; Mosher et al.,
2007). Targeted disruption of the myostatin gene in mice leads to
muscle hypertrophy and hyperplasia with an approximate doubling
of muscle mass (McPherron et al., 1997).

Myostatin and activins share some receptors and signalling transduc-
tion molecules. Myostatin stimulates target cells by assembling a cell-
surface receptor complex containing type I and II receptors. Myostatin
binds the type II Ser/Thr kinase receptor, ActRIIB, and then partners
with a type I receptor, either ALK4 (or ActRIB) or ALK5 (TGF-bRI).
These complexes induce phosphorylation of Smad-2 and activate an
activin/ TGF-b-like signalling pathway (Rebbapragada et al., 2003;
Fig. 4).

Uterine effects
The expression of myostatin and the specific type I receptor, ALK5,
has been demonstrated in PHM1 cells by RT–PCR. The rat uterus
expresses myostatin, and the levels of myostatin mRNA correspond
to higher myometrial cell contents. It has also been shown that myos-
tatin induces Smad signalling in PHM1 cells as well as in rat uterine
explants, suggesting that myostatin is able to initiate a signalling
cascade in myometrium (Ciarmela et al., 2009).

Myostatin treatment decreased PHM1 cell proliferation at different
time points analysed. Using a range of myostatin doses, it was revealed
that the inhibition of growth of PHM1 cells was dose-dependent, with
an EC50 of �1.1 nM, comparable with other systems reported myos-
tatin responses (Thomas et al., 2000; Ciarmela et al., 2009).

Steroid regulation
In contrast to skeletal muscle, myostatin expression in the uterus is
regulated by steroid hormones. It has been shown that ovariectomized
rats have higher myostatin expression than normal cycling rats and that
estrogen treatment abrogates myostatin expression. Subsequently, it
was reported that myostatin is not expressed in uterus in the presence
of high estrogen levels, either pharmacologically induced or during
physiological circumstances, such as the proestrus–early estrous
stage. Instead, myostatin expression is elevated in the presence of
low steroid levels such as during diestrus, and this expression is
even higher in the absence of steroids after ovariectomy. In addition,
myostatin expression correlates negatively with the growing phases of
the uterus: its levels are low during the swelling, whereas its
expression is high when the uterus shrinks (Ciarmela et al., 2009).

Recently, steroid regulation of myostatin has been documented also
in human myometrium. Specifically, it has been observed that myosta-
tin mRNA levels in tissue explants were reduced after E2 treatment
but were unchanged after P4 treatment. In addition, the expression
levels were higher in menopausal than in fertile myometrial specimens
(Ciarmela et al., 2011).

Activin and myostatin signalling
in uterine fibroid
Activin-A and myostatin transmit their signals from plasma membrane
to nucleus through the intracellular Smad pathway by simultaneously
binding to two types of transmembrane serine/threonine kinase
receptors, type II (ActRIIA or ActRIIB) and type I (ALK4/ActRIB or
ALK5/TGF-bRI). During their signalling, receptor-regulated Smads
(Smad2, Smad3) and common mediator Smad (Smad4) play an impor-
tant role to facilitate the function of activin-A and myostatin (Fig. 4),
whereas Smad7 inhibits signal transduction by blocking type I receptor
phosphorylation of Smad2 and Smad3 (Nakao et al., 1997; Lebrun
et al., 1999). Furthermore, Smad7 expression is induced by both
activin-A (Bilezikjian et al., 2001) and myostatin (Zhu et al., 2004) pro-
viding a negative feedback loop. Activin-A and myostatin signalling is
also regulated by extracellular activin-binding proteins like follistation
(FST) and FLRG (Tsuchida et al., 2000; Hill et al., 2002). Cripto is a
GPI-anchored cell-surface protein that can also regulate the function
of activin (Kelber et al., 2008) and myostatin (Ciarmela et al., 2011).

Experimental data have shown that activin-A and myostatin
expression levels are higher in leiomyoma compared with adjacent
myometrium but that their signalling is disrupted in leiomyoma. It
has been demonstrated that the expression levels of all the receptors
(ALK4, ALK5 and ActRII, ActRIIb) and Smad7 were not different in
leiomyoma compared with normal myometrium suggesting higher
activin-A and myostatin expression in leiomyoma does not correspond
to the expression of receptors and Smad7. Activin-A and myostatin
were able to increase Smad7 expression levels in myometrium but
not in leiomyoma indicating that leiomyomas are less responsive to
these ligands.

It has been observed that FLRG expression is higher in leiomyoma
compared with matched healthy myometrium whereas follistatin
expression was unchanged. Activin and myostatin evaluated as a
ratio with follistatin were still higher in leiomyoma compared with
matched healthy myometrium. On the other hand, activin and myos-
tatin evaluated as ratio with FLRG were not significantly higher in leio-
myoma compared with matched healthy myometrium. Moreover it
has been documented that Cripto mRNA is expressed in almost all
the fibrotic specimens examined but was not detected in healthy myo-
metrium (Ciarmela et al., 2011). The current hypothesis is that altera-
tions in the activin- and myostatin-related protein systems may
produce loss of sensitivity to the antiproliferative effects of activin
and myostatin and that increased expression of FLRG and Cripto
may contribute to the growth of these tumours (Ciarmela et al.,
2011).

Extracellular matrix and growth
factors
As we stated in the introduction section, in the pathogenesis of uterine
fibroids the role of growth factors and extracellular matrix proteins is
essential (Joseph et al., 2010; Malik et al., 2010). In a recent study, the
interactions between human uterine leiomyoma cells and uterine
leiomyoma-derived fibroblasts, and their importance in cell growth
and extracellular matrix protein production has been investigated
using a co-culture system. The researchers found enhanced cell
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proliferation, and elevated levels of extracellular matrix, collagen type I
and IGFBP-3 after co-culturing. There was also increased secretion of
VEGF, EGF, bFGF and PDGFA and B in the media of leiomyma cells
co-cultured with fibroblasts. Protein arrays revealed increased phos-
phorylated RTKs of the above growth factor ligands, and immunoblots
showed elevated levels of the RTK downstream effector, MAPK, in
co-cultured leiomyoma cells. There was also increased secretion of
TGF-b 1 and 3. The TGF-b, activin and myostatin downstream effec-
tors phospho-Smad 2 and 3 levels were also increased in co-cultured
cells. However, none of the above effects was seen in normal myome-
trial cells co-cultured with fibroblasts. The soluble factors released by
tumour-derived fibroblasts and/or leiomyoma cells, and activation of
the growth factor receptors and their pathways stimulated the pro-
liferation of leiomyoma cells and enhanced the production of extra-
cellular matrix proteins (Moore et al., 2010).

Therapeutic directions for
uterine fibroid management
Despite the high prevalence and symptomatic nature of leiomyomas,
relatively little is understood about their growth and development.
Consequently, perfect therapeutic options are still limited. Hyster-
ectomy is the definitive treatment for women with symptomatic
uterine fibroids (Farquhar and Steiner, 2002). However, this surgical
option is unsuitable for patients wishing to remain fertile. Myomect-
omy is another surgical option which is suitable for women wishing
to remain fertile and to retain their uterus (Frishman and Jurema,
2005). Unfortunately, myomectomy is associated with significant mor-
bidity including haemorrhage, adhesion formation, leiomyoma recur-
rence, blood transfusion, bowel injury and rarely hysterectomy
(Olufowobi et al., 2004). Many new technologies have been added
for the treatment of leiomyoma including uterine artery embolization,
magnetic resonance-guided focused ultrasonography, laparoscopic
uterine artery occlusion and cryomyolysis. But these are not satisfac-
tory due to their significant complication rate although there is sound
evidence for initial symptom reduction, shorter hospital stays and
quicker returns to work (Sharp, 2006). To date, GnRHa is widely
used as short-term effective therapy for leiomyoma management
(Takeuchi et al., 2000; Stewart, 2001; Sankaran and Manyonda,
2008). However, this treatment also has drawbacks including pro-
found estrogen deficiency and a decrease in bone mineral density
(Dodin et al., 1991). Therefore, there is an obvious need for alterna-
tive therapy/pharmacologic agents that would be useful to inhibit the
leiomyoma growth without the unwanted side effects. Discovery of
progesterone antagonists, selective progesterone receptor modulators
(SPRMs), selective estrogen receptor modulators (SERMs),
leiomyoma-related growth factors, growth factor inhibitors and
growth factor signalling modulators could aid in discovering new
alternative therapeutic strategies.

A great deal of evidence supports the concepts that sex steroids
(E2 and P4) exert their effects on myometrium and leiomyoma
biology by up-regulating and down-regulating various growth factors
(summarized in Table I and Fig. 5). Estrogen may promote the
growth of uterine leiomyomas through up-regulation of EGFR and
PDGF and down-regulating activin and myostatin expression. Similarly,
P4 may influence leiomyoma growth by up-regulating EGF and TGF-b3

expression. In contrast, P4 also shows inhibitory actions on leiomyoma
growth by down-regulating IGF-I expression. The actual role of sex
steroids, how they interact with growth factors and how they influence
or regulate leiomyoma growth are not well understood. However,
using the concept of a growth-influencing ability of sex steroids,
several progesterone antagonists/antiprogestins, SPRMs and SERMs
have been proposed as having therapeutic potential for leiomyoma
management.

RU486 (Mifepristone) is a well-studied antiprogestin that is relatively
effective for presurgical management of leiomyoma-related uteroble-
eding along and has a capability of reducing leiomyoma volume
(Engman et al., 2009). However, recently another study has reported
that improvements in health-related quality of life after treatment with
mifepristone are partly explained by improvements in pain and bleed-
ing, but not uterine size (Feng et al., 2010). Therefore, more studies
are needed to understand the real role of mifepristone and other anti-
progestins on leiomyoma growth.

Well-studied SPRMs such as asoprisnil (J867) (Wang et al., 2006;
Williams et al., 2007), CDB-4124 (Luo et al., 2010), CDB-2914
(Levens et al., 2008; Yoshida et al., 2010), CP8863 and CP8947
(Catherino et al., 2010) have shown promising therapeutic potential
and are still under investigation (Ohara, 2008; Spitz, 2009). Some
are currently undergoing clinical trials for the treatment of leiomyo-
mas. SERMs, such as tamoxifen and raloxifene (Stewart, 2001), have
also been clinically evaluated for the treatment of leiomyoma. Recently
it has been demonstrated in primates that ERa and PR expression in
the myometrium is indeed influenced by treatment with hormonally
active agents (Hill et al., 2011).

Currently, scientists have given topmost priority to the explora-
tion of new therapeutic strategies for leiomyoma treatment by
understanding leiomyoma-related growth factors, growth factor
inhibitors and their signalling in leiomyoma biology. The most
studied growth factors EGF, PDGF, TGF-b, IGFs (since 1990) and
recently added activin and myostatin have shown encouraging
results that could open new therapeutic strategies for leiomyoma
management. To date, selective EGF-R blocker (AG1478)
(Shushan et al., 2004), EGF-R inhibitor (TKS050) (Shushan et al.,
2007) and TGF-bR kinase inhibitor (SB-525334) (Laping et al.,
2007) have shown therapeutic possibilities. However, more
studies are needed to explore their therapeutic role on leiomyoma
growth. NADPH oxidase-derived ROS have been shown to be a
critical component for mitogenic signalling of EGF and PDGF in leio-
myoma smooth muscle cells proliferation. More importantly,
NADPH oxidase inhibitor (DPI) blocks the ROS production provid-
ing a novel therapeutic target for the management of uterine leio-
myomas through the targeting of intracellular ROS and specifically,
NADPH oxidase (Mesquita et al., 2010).

Because RTK (Zwick et al., 2001), as well as TGF-b (Nagaraj and
Datta, 2010), signalling pathways are considered as candidate targets
for cancer intervention strategies, they could also be considered for
uterine fibroid therapy. Many therapeutic strategies designed to
block RTK signalling networks have been recently developed and
different RTK-based drugs are currently being investigated in clinical
trials (reviewed in Yarden and Sliwkowski, 2001; Zwick et al., 2001;
Faivre et al., 2006). Strategies towards the prevention and interception
of RTK signalling include: (i) monoclonal antibodies (e.g. Herceptin)
that are directed against the extracellular domain of RTK; (ii) small-
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Table I Growth factors and related proteins in human myometrium and leiomyoma: presence, action and steroid
regulation.

Growth
factors

Receptors
binding
proteins

Presence in myometrium and or
in leiomyoma

Action on myometrial cells Regulated by sex steroids
(estrogen/progesterone)

EGF EGF-R (HER1) Expression in myometrium and reduced
expression in leiomyomas (Yeh et al.,
1991; Dixon et al., 2000)

Mitogenic for myometrium and
leiomyomas (Fayed et al., 1989; Rossi et al.,
1992). Regulates leiomyoma growth (Yeh
et al., 1991; Rossi et al., 1992)

P4 up-regulates EGF expression in
leiomyoma (Shimomura et al., 1998;
Matsuo et al., 1999; Maruo et al.,
2003). E2 reduces EGF but
up-regulates EGF-R expression in both
leiomyoma and myometrium
(Shimomura et al., 1998; Matsuo et al.,
1999)

TGF-a EGF-R (HER1) Minimal expression in leiomyomas and
myometrium (Dixon et al.,
2000). Expressed in leiomyosarcomas
(Moore et al., 2000)

HB-EGF HER1 (EGFR1),
HER4

Expression in myometrium and reduced
expression in leiomyoma (Mangrulkar
et al., 1995; Dixon et al., 2000)

Stimulates leiomyoma and myometrial cell
proliferation. Inhibits apoptosis (Wang
et al., 2005)

P4 and E2 regulate HB-EGF expression
in mouse uterus (Wang et al., 1994). P4

stimulates HB-EGF expression in rat
uterine stromal cells (Zhang et al.,
1994). E2 enhances HB-EGF
expression in rat epithelial cells (Zhang
et al., 1994)

PDGF PDGF-Ra,
PDGF-Rb

Expression in leiomyomas and
myometrium (Boehm et al., 1990;
Mangrulkar et al., 1995). Higher
expression of PDGF-CC in leiomyoma
than in myometrium (Hwu et al., 2008)

Modulates proliferation of leiomyoma and
myometrial cells (Arici and Sozen,
2003). Stimulates DNA synthesis (Fayed
et al., 1989). Stimulates VEGF production
(Taniguchi et al., 2001)

E2 induces PDGF expression in
leiomyoma (Barbarisi et al., 2001)

IGF- IGF-IR, IGF-IIR;
IGFBP 1–6

Expression in leiomyoma and
myometrium (Boehm et al., 1990;
Gloudemans et al., 1990; Giudice et al.,
1993; Van der Ven et al., 1997) as well as
leiomyosarcoma (Gloudemans et al.,
1990; Van der Ven et al., 1997). Higher
IGF-I expression in leiomyomas than in
myometrium (Dixon et al., 2000;
Wolanska and Bankowski, 2004; Yu et al.,
2008; Zhao et al., 2008)

IGF-I stimulates proliferation of leiomyoma
cells (Strawn et al., 1995). IGF-I up-regulates
leiomyoma cell growth (Gao et al., 2001;
Maruo et al., 2003).

P4 modulates IGF-I expression in
leiomyoma (Yamada et al., 2004) P4

inhibits the IGF-I expression in cultured
leiomyoma cells (Maruo et al.,
2003). E2 stimulates IGF-I expression
in leiomyoma cells
(Di et al., 2008)

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

Expression in myometrium (Chegini et al.,
1994; Tang et al., 1997) and increased
expression in leiomyoma (Dou et al.,
1996)

Stimulates leiomyoma cell proliferation
(Arici and Sozen, 2000; Lee and Nowak,
2001). Low concentrations stimulate
autocrine PDGF secretion (Wolanska and
Bankowski, 2007)

P4 appears to stimulate TGF-b3
expression in myometrium and
leiomyoma (Arici and Sozen, 2000)

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

Expression in myometrium and
leiomyomas (Harrison-Woolrych et al.,
1995; Dixon et al., 2000; Sanci et al.,
2011). Increased expression in
leiomyomas (Gentry et al., 2001)

Stimulates angiogenic activity (Flake et al.,
2003; Arita et al., 2005; Hong et al., 2001)

E2 and P4 induce VEGF expression in
rodent uterus (Hyder et al., 2000)

aFGF FGFR1–4 Expression in myometrium and increased
expression in leiomyomas (Wolanska and
Bankowski, 2006)

bFGF FGFR-1, FGFR-2 Expression in leiomyomas and
myometrium (Pekonen et al., 1993;
Mangrulkar et al., 1995; Dixon et al.,
2000; Nowak, 2000; Wu et al., 2001;
Wolanska and Bankowski,
2006). Increased expression of FGFR-1 in
leiomyomas (Wolanska and Bankowski,
2006)

Regulates angiogenesis (Anania et al., 1997;
Hong et al., 2001). Mitogenic for both
human uterine myometrial and leiomyoma
cells (Rauk et al., 1995)

E2 and P4 regulates bFGF mRNA
expression in rat uterus (Rider et al.,
1997)

Continued
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molecule tyrosine kinase inhibitors (e.g. tyrphostins) that selectively
interfere with intrinsic tyrosine kinase activity thereby blocking recep-
tor autophosphorylation and activation of downstream signal transdu-
cers; and (iii) antisense oligonucleotides that are designed to interact
with the mRNA to block the transcription and thus the expression
of specific target proteins (Zwick et al., 2001). RTK can signal
through the P13K/AKT/mTOR pathway. Rapamycin and rapamycin
derivatives that specifically block mTOR have been developed
during the past 10 years as potential anticancer agents (Faivre et al.,
2006). The use of rapamycin to target mTOR in myometrium both
during pregnancy (Jaffer et al., 2009) and in uterine leiomyoma (Crab-
tree et al., 2009) has been recently investigated. Interestingly, in vivo
and in vitro studies have confirmed the activation of the mTOR signal-
ling pathway in leiomyomata, and treatment of Eker rats with the

rapamycin analogue WAY-129327 has inhibited mTOR signalling and
decreased tumour incidence, multiplicity and size. These data show
the important role of mTOR signalling in leiomyoma etiology and
the potential pharmacotherapeutic opportunities for targeting this
pathway in the treatment of this disease (Crabtree et al., 2009). Tar-
geting mTOR could also be a way to interfere at the same time with
RTK and TGF-b superfamily pathways. In fact, a functional cross-talk
between the mTOR and Smad signalling devices has been identified
in several human cancer cells, and also in non-transformed cells
(Law et al., 2002; van der Poel, 2004; Langenfeld et al., 2005; Amir-
ouche et al., 2009; Osman et al., 2009).

The potential importance of activin, myostatin and TGF-b as novel
drug targets for cancer as well as immune, endocrine and metabolic
disorders is being currently reported (Tsuchida, 2004; Vale et al.,

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

Table I Continued

Growth
factors

Receptors
binding
proteins

Presence in myometrium and or
in leiomyoma

Action on myometrial cells Regulated by sex steroids
(estrogen/progesterone)

Activin Alk4, ActRIIA,
ActRIIB;
Follistatin, FLRG

Expression in PHM1 (pregnant human
myometrium) cells (Ciarmela et al., 2008)
and human myometrium and leiomyoma
specimens (Ciarmela et al., 2011)

Inhibits myometrial cell growth. Decreases
oxytocin receptor and HoxA-10 mRNA
expression. Attenuates of oxytocin and
thromboxaneA2 induced intracellular Ca2+

accumulation. Modifies cell morphology
(Ciarmela et al., 2008)

E2 modulates activin-A mRNA levels in
ovariectomized and steroid-replaced
rat (Ciarmela et al., 2009). E2 reduces
activin-A mRNA levels in human
myometrium (Ciarmela et al., 2011)

Myostatin Alk4, Alk5,
ActRIIB;
Follistatin, FLRG

Expression in PHM1 cells (Ciarmela et al.,
2009) and human myometrium and
leiomyoma specimens (Ciarmela et al.,
2011).

Inhibits myometrial cell growth (Ciarmela
et al., 2009).

E2 modulates the myostatin mRNA
levels in ovariectomized and
steroid-replaced rat (Ciarmela et al.,
2009). E2 reduces myostatin mRNA
levels in human myometrium
(Ciarmela et al., 2011)

Figure 5 Steroid hormone regulation of growth factors and effects of the growth factors on leiomyoma formation. Estrogen and progesterone,
produced by the ovary, regulate the expression levels of different growth factors in the myometrium. The growth factors are considered the ultimate
effectors of the steroid hormone actions because they have stimulatory or inhibitory effects on cell proliferation and probably leiomyoma formation.
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2004; Harrison et al., 2005). Example of molecules proposed are: an
antagonist of the activin receptor [activin Met108Ala (Harrison et al.,
2004)], activin-A/C chimeras (Muenster et al., 2005), activin A/bone
morphogenetic protein (BMP) chimeras (Korupolu et al., 2008), small-
molecule inhibitors of ALK4 (SB-431542 and SB-505124), neutralizing
antibodies and the soluble ActRII ECD (Harrison et al., 2005), as well
as chemically developed TGF-b inhibitors such as LY364947, A-83-01
and Ki26894 (Tsuchida et al., 2008). Finally, further possibilities could
involve the use of receptor antisense oligonucleotides targeting all the
growth factors or the use of the known binding proteins (e.g. IGF BP).

Conclusions
This review discloses that there are many growth factors that have
been identified in myometrium (pregnant and non-pregnant) and in
leiomyoma. However, for many of these there is only partial infor-
mation available. Only a few factors have been thoroughly investigated
with regard to their expression, regulation by steroids and, most
importantly, their mode of signalling and regulation. For example,
activin and myostatin are emerging growth factors that have been
studied both in vivo and in vitro. Interestingly, estrogen down-regulates
both activin and myostatin expression in human myometrium and,
although expression of activin and myostatin is increased in leio-
myoma, their signalling is disrupted in this condition, apparently due
to increased FLRG and/or Cripto expression (Ciarmela et al.,
2011). This finding may encourage us to explore the mechanisms of
action of activin and myostatin and their regulators with the aim of
establishing new strategies for the treatment of leiomyomas. In
summary, we believe it is necessary to continue to perform extended
and in depth research on the growth factors that control normal and
pathological myometrial cellular biology. Figure 6 shows the
expression level changes of growth factors, their receptors and

related proteins in fibroid myometrium compared with normal non-
pregnant myometrium. We have summarized the knowledge available
so far regarding the roles of various growth factors in controlling the
behaviour of myometrial cells. The main take-home message is that
multiple molecular targets for potential myometrial dysfunctions and
therapeutic innovation have been elucidated in the last years.
However, it is necessary to improve present knowledge mainly in
the regulatory and functional aspects, and much room is available
for future research.
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