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Abstract: Nongenomic effects of thyroid hormones typically start at the cell surface and do not pri-
marily involve the classical nuclear receptors, but rather a plasma membrane receptor site identified
about ten years ago on the integrin ovB3. Transduction of the thyroid hormone signal from this in-
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tegrin receptor involves activation of the MAPK pathway and may lead to events such as angiogenesis or tumor cell pro-
liferation. This review focuses on the interaction of thyroid hormones with growth factors, in fact the integrin avB3 has
been reported to a be a co-receptor for several growth factors such as EGF, IGF-1 and the FGF family, but also for small
molecules like resveratrol. Binding of the ligand to integrin owvf3 is inhibited by tetrac, a metabolite of L-thyroxine, and
by its nanoparticulate formulation nanotetrac. Recent microarray studies on tumor cells have shown that tetrac has anti-
inflammatory effects that are mediated by integrin o33, and tetrac can downregulate the expression of several interleukin
genes. Crosstalk between thyroid hormones and vascular growth factors is important for cell migration, vascular calcifica-
tion and the angiogenic process. Thyroid hormones also show pleiotropic effects on osteoblast function and differentia-
tion, as well as in early pregnancy. The importance of thyroid hormone interaction with neurotrophins and interleukins has
also been examined. With integrin avB3 firmly established as the plasma membrane receptor future studies will focus on
the crosstalk between thyroid hormones and growth factors in order to verify the efficiency of new pharmacological tools,

such as nanotetrac.
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INTRODUCTION

Thyroid hormones—3,5,3’-triiodo-L-thyronine (T3) and
L-thyroxine (T,)—give rise to a wide range of effects on
metabolism, growth and development [1]. T, represents the
major form of thyroid hormone secreted by the thyroid
gland, whereas T3 is produced mainly in peripheral tissues
by deiodination of T, and is the form of the hormone respon-
sible for nuclear or genomic effects of the hormone [2]. The
effects of T; are mediated by its binding to specific receptor
proteins that may translocate to the cell nucleus where they
regulate gene expression [1]. Two forms of thyroid hormone
receptors, TRa and TR, have been identified and shown to
belong to the steroid receptor family [1]. There is tissue spe-
cific expression of the isoforms of the thyroid receptor; for
example, TRPB1 is expressed primarily in brain, liver and
kidney, whereas TRal and TRa2 are more abundant in
skeletal and cardiac muscle, but also are important in brown
fat [3]. The TRB2 receptors have the most specific expres-
sion in the adenohypophysis, hypothalamus, developing
brain and inner ear [1]. The ligand-binding domains of both
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TRa and TRp have been crystallized and structurally charac-
terized in detail [4, 5]. TRs bind to DNA at thyroid hormone
response elements, both as homodimers and as heterodimers
with the retinoid X receptor [6]. Co-repressor proteins that
bind the unliganded receptors to the ligand binding domain
of genes mediate basal repression of transcription; it is the
relief of this repression with binding of T; that results in
(ligand-induced) transcriptional activity. The co-repressors
NCoR (nuclear receptor co-repressor) and SMRT (silencing
mediator of Retinoic Acid Receptor, RAR and TR) recruit
histone deacetylases and may also directly inhibit basal tran-
scription. Hormone binding results in a conformational
change with dissociation of the co-repressors and recruit-
ment of co-activators [7].

Nongenomic or extranuclear actions of thyroid hormones
are initiated at the plasma membrane or in the cytoplasm,
and do not depend primarily on the interaction of the hor-
mone with classical nuclear receptors. Nongenomic mecha-
nisms of thyroid hormone action rely upon transduction of
the hormone signal by kinases such as mitogen-activated
protein kinase (MAPK) [8-13] or phosphatidylinositol 3-
kinase (PI3-K) [14-17] that are cytoplasmic in location; once
activated, these kinases may move to other intracellular
compartments. Activated signal transducing kinases are early
(upstream) factors that may give rise to complex cellular
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events, including specific gene transcription and cell prolif-
eration [18, 19]. Thus, nongenomic and genomic actions of
thyroid hormones may engage in crosstalk. Bergh ef al.
(2005) identified the plasma membrane receptor for thyroid
hormone in an integral transmembrane protein: the integrin
avB3 [20]. This integrin has binding sites both for T; and for
Ty, and the interaction of thyroid hormones with the integrin
gives rise to a variety of physiological responses and cellular
events, such as angiogenesis and tumor cell proliferation [20,
21]. Many growth factors are known to participate in the
same events, and the present review focuses on the interfaces
of thyroid hormone actions with the actions of growth fac-
tors, in part because of the fact that integrin avp3 also can
act as a co-receptor for several of these growth factors, such
as insulin-like growth factor-1 (IGF-1).

INTEGRIN avf3: STATE OF THE ART

Integrins are heterodimer receptors formed by the nonco-
valent association of a and B subunits to form integral
plasma membrane proteins that are well conserved in evolu-
tion and are found evolutionarily from sponges to humans.
They have very important interactions with extracellular
matrix (ECM) proteins. Integrins have a long extracellular
domain for the binding to ECM proteins, a transmembrane
domain, and a short cytoplasmic domain that interacts with
actin cytoskeleton and other proteins, including those in-
volved in signal transduction [22, 23]. Integrins are formed
from 18 different a subunits and at least 8 3 subunits that are
capable of forming 24 different off heterodimer proteins.
Interactions of the various domains of integrin receptors,
outside or inside the cell, are able to modulate a variety of
cell functions, including cell differentiation, tissue develop-
ment, cell proliferation, cell migration, tumor invasion, me-
tastasis, gene expression, cell survival, angiogenesis and
wound healing [24]. Dysregulation of integrins may be
found in the pathogenesis of many diseases, e.g. autoimmune
diseases, cardiovascular diseases and osteoporosis; appar-
ently integrins are also involved in several types of tumors
where integrin overexpression has been reported [25]. Vi-
ruses and bacteria often use integrins to enter the cells; the
cellular uptake of human immunodeficiency virus, human
parechovirus-1 and adenovirus [26, 27], and of the bacterium
Coxiella burnetii, the etiologic agent of Q fever [28], are all
mediated by integrin avf33.

Integrin avB3 is expressed on the plasma membrane of
endothelial cells, smooth muscle cells, monocytes and plate-
lets. The discovery of integrin avf33 as a plasma membrane
receptor for  thyroid hormones [20] encouraged
reconsideration of these hormones—already known to be
very important for the development and the maintenance of
cellular steady state—as possible modulators of immune
activities and cells of the immune system. But integrin avf33
may also be important for cancer therapy, as this integrin has
been reported to be able to sensitize tumor cells to radiation
[29]. Davis and coworkers have shown that tetrac, a natural
metabolite of T4 that has intracellular thyromimetic activity
at high concentrations, inhibits the binding of thyroid hor-
mone to the integrin avPB3 and is able to increase radiosensi-
tivity three-fold in glioma cells. Radiosensitization is
achieved by short-term treatment with tetrac in the micromo-
lar range [30], and tetrac is able to increase the number of
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DNA double strand-breaks in unirradiated steady-state cou-
pled with a decreased repair rate of DSB in irradiated human
glioblastoma U87MG cells [31].

About 20 years ago the group of Davis at Albany first de-
scribed crosstalk between the thyroid hormone-activated
MAPK pathway and the signal transducer and activator of
transcription (STAT) proteins. The latter were shown to be
important for the potentiation by thyroid hormone in the
physiological concentration range of actions of interferon-y
(IFN-y) and epidermal growth factor (EGF) in HeLa cells
that do not contain any nuclear thyroid hormone receptors.
They also established that thyroid hormone by a nongenomic
mechanism caused tyrosine phosphorylation and nuclear
translocation of STAT1a [32], and hypothesized that thyroid
hormone-directed tyrosine phosphorylation and nuclear ac-
cumulation of STAT3 may potentiate the actions of EGF.
This was shown both in CV-1 cells [33, 34], which also lack
the nuclear thyroid hormone receptor, and in HeLa cells, and
it has been found also to occur in TR-repleted human skin
fibroblasts (BG-9). However, this direct potentiation by thy-
roid hormone of the STATs does not occur in all cells, and
this suggests that thyroid hormones may instead potentiate
the effects of other cytokines or growth factors which then
cause phosphorylation of STATs [35].

INTEGRIN avp3 AND GROWTH FACTOR SIGNAL-
ING

A number of growth factors, such as EGF, IGF-1, Trans-
forming growth factor oo (TGF-a), the family of fibroblast
growth factors (FGFs), and others, are involved in critical
biological responses such as growth, differentiation and an-
giogenesis. The signal transduction for all these receptors
have some similarities, in that they all involve a receptor
tyrosine kinase that acts through receptor dimerization and
subsequent receptor autophosphorylation of specific tyrosine
residues in the cytoplasmic domain [36-40]. The principal
signaling pathway activated is usually the Ras/sMAPK path-
way, after activation/phosphorylation of Src homology 2
proteins or a phosphotyrosine binding domain. Integrins di-
rectly bind and crosstalk with adjacent growth factor recep-
tors and influence growth factor signaling, although at pre-
sent the details are not fully elucidated. The signaling of in-
tegrins is very similar to the signaling of growth factor re-
ceptors and may be coupled with them. Many cell responses
to growth factors such as EGF, platelet-derived growth fac-
tor (PDGF) and thrombin are dependent on the adherence of
the cell to ECM ligands through integrins. Angiogenesis and
cell proliferation are among the typical responses activated
by growth factor-integrin interaction. It has been demon-
strated by the group of Takada and Takada that an integrin-
binding defective-FGF1 mutant (R50E) significantly reduced
the capability of the growth factor to cause cell proliferation
and migration, although R50E did give rise to FGFR1 phos-
phorylation and downstream Akt and ERK1/2 activation
[41]. They proposed that the direct binding of integrin to
FGF1 is the basis of the crosstalk between integrin and FGF
[36]. The same group showed a similar situation for EGF
[41] and for IGF-1 [42], concluding that the binding of in-
tegrin avp3 is important for growth factor signaling.
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With regard to EGF signaling, the situation is compli-
cated further by the presence of neuregulins (NRGs), other
members of the EGF family that are involved in several hu-
man diseases, such as cancer, schizophrenia and cardiovas-
cular disease. Also for NRGs the binding to integrins is es-
sential for effective growth factor signaling, and Ieguchi and
co-workers in an elegant study found that direct interaction
of NRG1 with the integrin avB3 was critical for activation of
the ErbB receptor-tyrosine kinases resulting in downstream
signaling activation of Akt and ERK1/2 [41]. Thus different
growth factors may compete for interaction with the same
integrin.

The possible interaction between EGF and thyroid hor-
mones was actually studied prior to the discovery of the thy-
roid hormone receptor on integrin avfB3. In 2004 Shih et al.
showed that thyroid hormone T, was able to increase EGF-
and TGF-o-induced MAPK activation in HeLa cells that
lacked TRs. The effect was mimicked by Ts-agarose, an
early nanoparticulate formulation of the hormone, and was
inhibited by tetrac which is known to be an inhibitor of the
binding of T, to the plasma membrane. Studies of cell prolif-
eration indicated that T, potentiated the effect of EGF, but
inhibited that of TGF-a. The disparate effects of thyroid
hormone on the actions of EGF and TGF-a—growth factors
that share the same plasma membrane receptor—are
mediated by hormone activation of cAMP-dependent protein
kinase A (PKA) [43]. These authors showed in the same year
that resveratrol, a naturally occurring pro-apoptotic stilbene
and antioxidant, activated MAPK and caused
phosphorylation and activation of p53, with consequent
apoptosis. EGF inhibited the effect of resveratrol, stimulat-
ing tumor cell growth via a PKCo-mediated mechanism [44].
We now know that there also is a resveratrol receptor site on
integrin avB3 that is distinct from the thyroid hormone re-
ceptor.

In 2009 Glinskii et al. [45] reported that tetrac, used as a
probe for thyroid hormone effects that originate at integrin
avf3, is able to modify expression of multiple cell survival
pathway genes in ERa negative human breast cancer (MDA -
MB-231) cells. The authors conducted proliferation experi-
ments in a perfusion bellow cell culture system in the pres-
ence of tetrac and tetrac nanoparticulate (nanotetrac). The
microarray experiments concentrated on a panel of survival
pathway genes, and found upregulation of caspase 2
(CASP2) and thrombospondin 1 (THBSI) gene expression,
the first a facilitator of apoptosis and the second an inhibitor
of angiogenesis, a very important process in tumor spread-
ing. They also found downregulation of the genes for X-
linked inhibitor of apoptosis (X/4P) and myeloid cell leuke-
mia sequence 1 (MCLI), whose gene product is also an in-
hibitor of apoptosis. In most cases the nanotetrac was sig-
nificantly more effective than the unmodified tetrac. The
family of Ras-oncogenes was differentially affected by
nanotetrac, with 8 out of 13 genes downregulated [45].
These differential effects of nanotetrac are in fact quite co-
herent in terms of clinically desirable up- and downregula-
tion of specific genes. Nanotetrac is more effective than un-
modified tetrac with regard to the number of genes affected
and drug potency. Another interesting result from the same
work is the downregulation of the important gene EGFR, the
gene for the EGF receptor. It is noteworty that nanotetrac
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was an efficient downregulator, whereas the unmodified tet-
rac gave only a trend towards a decrease. The striking effect
of nanotetrac on the EGFR gene suggests that this nanofor-
mulation could be a serious candidate for a new potential
clinical chemotherapeutic agent.

Cancer stem cells are a population of cells capable of
self-renewal and propagation. They may be resistant to che-
motherapy and contribute to drug resistance, being able to
escape apoptosis and survive difficult environments. Some
integrins are particularly abundant in certain types of cancer
and it is known that these cell surface proteins may “inte-
grate” signals between extracellular matrix proteins and in-
tracellular signaling pathways, supporting cell survival, pro-
liferation and cell invasion [46, 47]. Cheresh and co-workers
have noted that integrin avB3 has special assets in the areas
of supporting cell survival and proliferation independently of
cell adhesion, cell attachment or matrix ligation [46]. They
found that integrin avp3 expression defines a cancer stem
cell population involved in the resistance to EGF receptor-
targeted tyrosine kinase inhibitors, and they evaluated the
presence of integrin avfp3 as a necessary and sufficient con-
dition for stemness and EGF receptor inhibitor resistance in
a variety of cancers, including pancreas, lung and breast can-
cer. This finding led them to propose a previously unrecog-
nized mechanism by which integrin avf3, in its unliganded
state, may interact with KRAS to activate in turn the RalB-
TBK1-NF«B pathway that leads epithelial cancer cells to the
cancer stem cell phenotype [47].

With IGF-1 the situation is similar but also of particular
interest from our point of view, since IGF-1 has a high struc-
tural homology with the insulin/proinsulin system. The IGF-
1 receptor is a tetramer with two a-subunits with the ligand
binding domain and two B-subunits with tyrosine kinase ac-
tivity that give rise to effects similar to those elicited by in-
sulin, glucose uptake and cell proliferation. The B-subunits
phosphorylate tyrosine residues on adapter proteins such as
the insulin receptor substrate-1; the phosphorylation of these
residues then gives rise to the activation of Akt and MAPK
signaling pathways. As reported above the downstream sig-
naling from integrin avp3 thyroid hormone receptor sites
activates PI3-K and MAPK that give rise to a complex pat-
tern of physiological responses among which are stimulation
of angiogenesis and tumor cell proliferation [20]. We have
recently reported that in L6 myoblasts in culture thyroid
hormone in the physiological range is able to inhibit
responses to IGF-1 such as glucose uptake and cell prolifera-
tion [48]. The effect is mediated by integrin avf3, since the
Arg-Gly-Asp tripeptide, the disintegrin echistatin, tetrac and
an antibody to avp3 all are able to prevent inhibition by thy-
roid hormone of IGF-1-mediated effects, both in short-term
and long-term. The effect of thyroid hormone slowing down
the typical anabolic response in L6 myoblasts can be ex-
plained as an effect intended to prepare the myoblast for the
differentiation process [48].

THYROID HORMONES, VASCULAR GROWTH
FACTORS AND ANGIOGENESIS

Angiogenesis, the formation of new vessels, is an impor-
tant physiological event and its dysregulation occurs in the
pathological states where vasculature is critical, such as reti-
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nopathies or blood vessel tumors. The modulation of angio-
genesis is a very complex event and depends on classical
vascular growth factors, such as vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF),
but also on EGF as mentioned above. Among the cellular
processes involved in angiogenesis is the increase in migra-
tion rates of vascular smooth muscle and endothelial cells.
Nonpeptide hormones such as steroids and thyroid hormones
affect angiogenesis, and the role of thyroid hormone was
first recognized almost 30 years ago by Chilian et al. [49].
Angiogenesis thus represents another example of the cellular
and tissue interplay between growth factors and thyroid
hormones. In studies involving a thyroid hormone analog,
diiodothyropropionic acid (DITPA), it was reported that
VEGF and bFGF are important for the neovascularization
taking place in the area of induced infarction [50], and it is
known that thyroid hormones are important for the vascu-
larization in several pathophysiological states [51].

The molecular mechanisms of thyroid hormone action in
angiogenesis are not fully understood although several re-
cently findings point in the same direction. In fact bFGF,
FGF and VEGF may mediate thyroid hormones-induced
angiogenesis in the cardiac tissue [50, 52]. T4-induced angi-
ogenesis studied in the chick chorioallantoic membrane
(CAM) model of angiogenesis was found to involve bFGF
gene expression and release of FGF protein; the latter may
be a secondary autocrine factor in thyroid hormone action as
confirmed by the observation that anti-FGF impairs Ty-
induced vascular sprouting [53]. A similar finding was re-
ported for VEGF in the same CAM model, with small
amounts of VEGF released into the medium after thyroid
hormone treatment of the preparations. The downstream sig-
naling pathway of these effects involves activation of the
MAPK pathway (ERK1/2). We now know that angiogenesis
depends on integrin expression at the plasma membrane of
both endothelial and vascular smooth muscle cells and this
information led to the finding that the integrin avf3 is the
plasma membrane receptor for thyroid hormones [20]. The
thyroid hormones and their analogues DITPA [54] and GC-1,
a selective agonist of TRP [55], have all been shown to
stimulate angiogenesis through the integrin receptor in the
CAM model and in human dermal microvascular endothelial
cells; these effects are mediated by the MAPK pathway and
inhibited by tetrac [51]. As mentioned above, EGF action
may be potentiated by thyroid hormone [43] and EGF is pro-
angiogenic. Therefore angiogenesis appears to be a good
example of the complex interactions between thyroid hor-
mones and growth factors.

RNA microarray studies in tumor cells have shown that
tetrac has anti-inflammatory activity which is mediated by
integrin avB3. Tetrac can downregulate the expression of
several interleukin (IL) genes and of the EGFR gene [45].
The EGF receptor is essential for the pro-inflammatory ac-
tivity of EGF. These studies indicate that thyroid hormones
may also play a role in inflammation through binding to the
receptor on integrin ovp3. Thyroid hormones increase the
activity of the EGF receptor [43] and this effect is inhibited
by tetrac. At this point we may speculate that thyroid hor-
mones may be contributors to the inflammatory states in
different tissues and blood vessels; this may be supported by
the effect of the hormone on platelet aggregation.
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The relationship between calcium metabolism and thy-
roid hormone is very complex and has been studied quite
extensively experimentally both in animals and clinically.
Thyroid hormones in fact contribute to bone resorption by
promoting calcium mobilization in bone [56] and this effect
may be mediated by integrin ovp3, which is known to be
generously expressed in osteoclasts (this topic will be dis-
cussed further in the next section). An interesting relation-
ship also exists between blood vessel calcification and thy-
roid hormones; effects of thyroid hormone T3 on genes re-
lated to vascular calcification was described by Sato et al.
[57] in rat aortic smooth muscle cells and also in cultured
human coronary artery smooth muscle cells. Matrix Gla pro-
tein (MGP) is a secretory protein of 14 kDa expressed in a
wide variety of tissues (lung, heart, kidney, skin, arterial
vessels, endothelial cells, fibroblasts). It is a member of the
family of proteins containing the rare modified amino acid
Gla (y-carboxyglutamate), and acts as a potent inhibitor of
vascular calcification in vivo [58]. Physiological concentra-
tions of T3 (15 pmol/L free T;) increased mRNA levels of
MGP about three-fold. In addition short interference RNA
directed against the TRo gene THRA diminished the effect
of thyroid hormone on MGP expression [57]. In agreement
with this result, animals with methimazole-induced hypothy-
roidism showed a decrease of almost 70% in MGP mRNA
levels and about 30% increased calcium content. Animals
with Ts-induced hyperthyroidism in contrast showed
upregulation of the MGP gene and significantly decreased
cell calcium content. The conclusion of the authors was that
thyroid hormone enhances gene expression of MGP gene in
rat aortic smooth muscle cells via the nuclear TRs, thus pre-
venting smooth muscle vascular calcification [57], and tetrac
could act at the level of the integrin by inhibiting the angio-
genesis [51].

To understand how important this effect of the hormone
on MGP protein can be from pathophysiological point of
view, it is worthwhile to recall that coronary artery calcifica-
tion is an important predictor of cardiovascular disease, and
that MGP is a potent inhibitor of vascular calcification in
many different tissues [58, 59]. The mechanisms by which
MGP prevents calcification are beyond the scope of the pre-
sent article; the effect is remarkable by itself, but even more
when considered that at present there are no alternative
mechanisms to inhibit vascular calcification [58]. It is impor-
tant to recall here that a role for integrins in matrix-
chondrocyte attachment was first reported about 20 years
ago [60]. In fact, a cyclic peptide containing the Arg-Gly-
Asp integrin recognition site sequence was shown to be ca-
pable of blocking attachment of chondrocytes to matrix pro-
teins such as fibronectin, MGP, and type II collagen. Cations
were required for chondrocyte attachment and provided a
mechanism for differential regulation of attachment to ECM
proteins [60]. As a working hypothesis we speculate that the
effects of thyroid hormones on certain cellular processes
involved in expression of genes relevant to blood vessel
function or disease could be mediated by the membrane re-
ceptor on integrin owp3, the oov monomer of which has been
shown to be internalized after binding of thyroid hormone
and directed to the cell nucleus, where it can modulate spe-
cific gene expression [61].
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THYROID HORMONES AND BONE

Thyroid hormones are essential regulators of skeletal de-
velopment and growth. Hypothyroidism in children gives
rise to retardation of bone formation. This is due to the lack
of normal effects of thyroid hormones on chondrocyte pro-
liferation and reflects impaired endochondral differentiation
during ossification. In contrast, thyrotoxicosis in young per-
sons causes premature aging of bone and can result in short
stature because of accelerated closure of epiphyses. There
also may be early fusion of skull sutures. T5 stimulates FGF
receptor 1 (FGFR-1) expression and activity of the latter is
increased in osteoblasts by a mechanism involving TRo
[62]. FGFR-1 mediates the actions of thyroid hormone on
intramembranous ossification, but the molecular mechanism
of hormonal regulation of endochondral ossification and
linear growth of bone is still unknown. Other growth factors
are involved in bone development and their action may be
modulated by thyroid hormone. We would point out here
that there are two basic mechanisms for bone formation:
endochondral ossification and intramembranous ossification.
Long bones are formed through endochondral ossification
when mesenchymal stem cells differentiate into chondro-
cytes that proliferate and form cartilage. Central chondro-
cytes undergo differentiation and then apoptosis with vascu-
lar invasion and formation of the ossification center. The
skull is formed by intramembranous ossification. Mesen-
chymal stem cells differentiate into osteoblasts, then osteo-
cytes; they mineralize without passing through a cartilage
intermediate stage. Both endochondral ossification and linear
bone growth are under the control of a variety of hormones
and growth factors. These include thyroid hormones, growth
hormone, IGF-1, glucocorticoids and sex steroids, as well as
certain cytokines and growth factors, with primary roles
taken by FGF and VEGF. Chondrocyte proliferation and
differentiation are tightly regulated by several growth factors
and thyroid hormone may interact with some of these fac-
tors. T3 stimulates osteoblast differentiation, bone matrix
synthesis and mineralization. At the osteoblast T; shows
pleiotropic effects; for example T; induces /GF-1 transcrip-
tion through its nuclear receptor and also FGFRI expression
and activity, leading to activation of MAPK pathways and
osteoblast differentiation. T; stimulates osteoblast function
and differentiation through a complex network of interac-
tions with cytokines and growth factors acting in autocrine
or paracrine fashion [63]. With regard to osteoclasts, an ex-
cess of thyroid hormone results in increased cell numbers
and activity, culminating in bone mass loss. Thyroid hor-
mone T stimulates osteoclastic bone resorption through the
release of soluble mediators from osteoblasts [64]. T; over a
wide concentration range also stimulates the production of
IL-6 and causes release of cytokines from osteoblasts and
from bone marrow stromal cells [65]. Osteoclasts express
mRNAs for TRal and TRp1, but it is uncertain whether the
TRs are functional in these cells; however, osteoclasts amply
express integrin avPB3 and thus the activity of thyroid hor-
mone on these cells might be initiated nongenomically at the
cell surface receptor for the hormone. Treatment of immor-
talized osteoblasts with thyroid hormone results in increased
expression of RANKL, IL-6, IL-8 and prostaglandin E,, so a
thyroid receptor is definitely operating in these cells [66, 67].

Immun., Endoc. & Metab. Agents in Med. Chem., 2015, Vol. 15, No. 1 75

IGF-1 is an important modulator of endochondral ossifi-
cation in conjunction with thyroid hormone, with the activity
of the latter mediated by the classical nuclear receptor TRa.
Mice lacking TRal show hypothyroid osseous features, e.g.
delayed endochondral ossification and growth retardation.
IGF-1 is actively involved in crosstalk with the Wnt/B cat-
enin and PI3-K/Akt pathways that are activated by thyroid
hormone to support growth plate ossification [68].

THYROID HORMONE AND THE IMMUNE SYSTEM

T; and T4 modulate the immune response at a number of
levels. Cell-mediated immunity, natural killer cell activity,
and the antiviral action of interferon and proliferation of T
and B lymphocytes [69] are all subject to regulation by thy-
roid hormones. The cells of the immune system are able to
produce hormones or hormone-like molecules [70], in addi-
tion to cytokines, chemokines and eicosanoids, such as pros-
taglandins and leukotrienes. At the same time, thyroid hor-
mone Tj, thyroid-stimulating hormone (TSH) and thyrotro-
pin-releasing hormone have been found in immune cells [71-
74]. T4 can potentiate the antiviral effect of IFN-y by a non-
genomic mechanism probably mediated by the integrin
avp3, suggesting that thyroid hormone may play a role in
cellular defense mechanisms [75]. It seems possible that thy-
roid hormone modifies immune system activity at least in
part through modulation of the effects of cytokines and
growth factors.

IGF-1 is able to stimulate cell migration and is a cytokine
produced by injured muscle tissue [76]. Inhibition of both
IGF-1 and IGF-2 activity has been shown to be able to in-
hibit cell migration and invasion in breast cancer cells [77].
Taking into account that thyroid hormone is capable of
modulating the growth factor responses (EGF, IGF-1 and
TGF-0) in L6 myoblasts, we are pursuing the possibility of
crosstalk between thyroid hormone and IGF-1 in cells that
express high levels of integrin avfp3, such as human leuke-
mic THP-1 monocytes, inhibited by RGD and tetrac
(Candelotti et al., manuscript in preparation).

THYROID HORMONE [INTERACTION WITH
GROWTH FACTORS IN EARLY PREGNANCY

A variety of studies report alterations in fertility in hypo-
thyroid animals and thyrotoxicosis. We have previously re-
ported that administration of doxorubicin (DOX) to female
rats during pregnancy negatively affect the thyroid-brain
axis, leading to hypothyroidism and decrease of nucleotides
and ATPase activities such as the Na/K-ATPase, Mg-
ATPase and Ca-ATPase enzymes in fetal brain. ATP synthe-
sis decreases significantly in the hypothyroid state. These
conditions lead to impairment in nerve transmission and
CNS dysfunction [78]. Administration of 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD) to pregnant rats also leads to hy-
pothyroidism and negatively affect the cholinergic system in
their offsprings, whereas the y-aminobutyric acid (GABA) is
increased [79]. Variations in T; levels are known to affect
the estrous cycle, success of pregnancy, fetal growth and
lactation [80]. Menstrual disturbances are widely acknowl-
edged to be associated with hypothyroidism and hyperthy-
roidism. Thyrotoxicosis in women is associated with reduced
fertility although ovulation may be normal, and other factors
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such as the use tobacco may interact with thyrotoxicosis in
affecting the menstrual cycle. Fifty percent of thyrotoxic
women who smoke have menstrual abnormalities, whereas
19% of non-smoker hyperthyroid women have abnormal
cycles. Patients with abnormal menstrual cycles had higher
levels of circulating T4, and hormone levels were higher in
smokers with abnormal periods. Therefore the level of T,
appears to be an important parameter related to the distur-
bances of the menstrual cycle. It is interesting that no similar
correlation was found for T3 [81], indicating that these ef-
fects do not depend on the nuclear TRs. These observations
by Krassas et al. have shed light on a topic that has not pre-
viously been broadly considered [80]. Additional studies that
examine thyroid function, pregnancy and integrin av3 have
appeared recently. Integrins may be markers for ‘unex-
plained infertility’ [82, 83] and expression of integrins may
be altered in secretory and proliferative endometrium.
Cyclical changes in integrin levels have also been shown, but
no variations were found in endometrium and endometriosis
[84]. More recently it has been reported that increased ex-
pression of integrin avP3 is associated with the onset of
pregnancy and this parameter can be considered a marker for
successful in vitro fertilization [85]. A positive association of
expression of leukemia inhibitory factor (LIF) with expres-
sion of integrin av33 has been shown for women with unex-
plained infertility [86].

The expression of integrins is inversely related to the se-
verity of endometrial cancer, although this pattern may vary
with the type of tumor [87, 88]. Ceydeli ef al. found differ-
ences in integrin avB3 expression in endometrial cells of 33
infertile women [89] and alteration of 33 monomer expres-
sion has also been reported in uterine endometrium in asso-
ciation with unexplained infertility [90]. The expression of
integrin avB3 has been linked to infertility in connection
with EGF and osteopontin; this latter factor is stimulated by
progesterone, whereas EGF has been considered as a
paracrine-mediated signal [91]. The av[33 integrin signaling
pathway is also involved in IGF-1-mediated extravillous
trophoblast (EVT) migration [92], and Mayama et al. have
recently studied the effects of IGF-1 in the setting of insulin-
resistance [93]. They found that exposure to insulin for 48
hours decreases both the number and the level of phosphory-
lation of insulin receptors, and showed that longer exposure
to insulin reduces the phosphorylation of IGF-1 receptors,
insulin receptor substrate-1 and Akt, and also decreases EVT
migration [93]. When the cells were treated with insulin and
pioglitazone, an insulin-sensitizer, phosphorylation of the
proteins was restored and the migration of EVT was also
partially restored. The improvement of the insulin-resistant
state may in turn improve the probability of pregnancy and
reduce abortion risk. Other authors have emphasized the role
of integrin ovB3 in adhesion and migration of EVT cells,
and have studied the protein CD98 that is highly expressed
in developing EVTs. CD98 is an amino acid transporter that
is considered to be involved in cell fusion, adhesion and mi-
gration by interacting with integrin ovf33. There is an impor-
tant role of CD98-integrin avB3 interaction for the modula-
tion of adhesion and migration in EVT cells [94], and T;
downregulates Fas and Fas ligand expression, inhibits
caspase 3 and PARP polymerase cleavage and inhibits apop-
tosis in early placental EVT cells [95].
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Binding of thyroid hormone to the avf3 integrin typi-
cally leads to activation of the MAPK pathway, and an im-
portant role of ERK1/2 for endometrial decidualization in
C57BL/6 mice and humans has been reported recently [96].
ERK1/2 is a pivotal regulator of cell adhesion, migration,
cell cycle progression, proliferation and differentiation in
many organs and systems. ERKI1/2 belongs to the
Ras/Raf/MEK pathway and is activated by phosphorylation;
the phosphorylated p-MAPK in turn can phosphorylate sev-
eral transcription factors modulating proliferation, differen-
tiation, apoptosis and inflammation [97]. The expression of
several genes—FOX, MSKI, STATI and STAT3—is
significantly decreased by inhibition of ERK1/2 during in
vitro decidualization. STAT1 and STAT3 proteins are
known to be activated downstream after thyroid hormone
binding to the plasma membrane receptor integrin owv[33.
Also EGFR has an important function in modulating preg-
nancy and in a study applying both EGFR-knockout mice
and primary human endometrial stromal cells with EGFR
silenced using siRNA it was recently shown that the activity
of the EGF receptor is critical for regulation of endometrial
function in the early phases of pregnancy [98]. Elimination
of the EGF receptors resulted in early embryo death although
female fertility was unaffected and responses to steroid hor-
mones were normal. The main problem identified was failure
of blastocyst implantation and maintenance and decidualiza-
tion. Among important markers of decidualization are Bmp2
and Wnt4 and these are important in the downstream signal-
ing by the EGF receptor [98].

Coordinated actions of the EGF receptor are critical for
successful progression of early pregnancy, probably because
EGF is critical to multiple signaling pathways leading to
gene transcription. EGF receptor signaling is also critical to
survival of multiple types of tumors. EGFR is overexpressed
in many cancers and in about 50% of endometrial tumors. In
this context, it is important to mention that thyroid hormone
has been reported to enhance some actions of EGF, particu-
larly those involving the cAMP/PKA pathway [43]. Proges-
terone and cAMP are important factors in the decidualization
process, the details of which remain incompletely understood
[96, 99]. Little information is available at present on the pos-
sible roles of thyroid hormone in early pregnancy, but it has
been reported that T interacts with EGF in placental devel-
opment and invasion of EVT cells [100]. A recent paper re-
ported that T5 regulates angiogenic growth factor and cyto-
kine secretion, including IL-6, IL-8, IL-10 and IL-1fB, by
human decidual cells in a gestational age-dependent manner
[101]. Apparently an optimal concentration of thyroid hor-
mone is important to maintenance of a balanced inflamma-
tory response in early pregnancy that prevents a possible
immune rejection of the embryo and that stimulates optimal
placenta development through the secretion of cytokines and
angiogenic factors by decidual cells.

We suggest that the potential roles of thyroid hormone in
early pregnancy should be more carefully investigated con-
sidering the following points: i) integrin owvf3 is important
for the fertilization process and contains the plasma mem-
brane receptor for thyroid hormone, inhibited by tetrac and
nanotetrac [43-45]; i) ERK1/2 signaling is a downstream
consequence of the interaction of thyroid hormone with in-
tegrin owvP3 and this pathway is important for endometrial
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Fig. (1). A schematic representation of a hypothetical interaction
between thyroid hormone and EGF receptor in the signal
transduction process behind endometrial decidualization (modified
from Large et al., 2014 [98]).

decidualization; iii) thyroid hormone is able to potentiate the
effects of EGF through actions of cAMP; iv) thyroid hor-
mone is a well established regulator of the immune system
and, in particular, an important regulator of angiogenic
growth factors and cytokine production by human decidual
cells. A schematic representation summarizing a possible
mechanism is shown in Fig. (1) [98].

THYROID HORMONE CROSSTALK WITH
GROWTH FACTORS IN NERVE CELLS AND BRAIN

Thyroid hormones are pivotal regulators of central nerv-
ous system development, as shown dramatically by the asso-
ciation of hypothyroidism in children with cretinism and
dwarfism [102]. Hypothyroidism inhibits the expression of
genes such as myelin basic protein and others connected to
the myelinization process. Thyroid hormones, principally Tj,
modulates the secretion of critical growth factors in nerve
cells, such as bFGF, EGF, and neuronal growth factor
(NGF); bFGF and EGF are involved in ECM protein secre-
tion and NGF regulates neurite growth and survival. These
thyroid hormone effects are mainly genomic in mechanism,
but nongenomic effects are critical to development and func-
tion of the central nervous system (CNS), such as the actions
of T, or rTs—but not T;—on actin polymerization in astro-
cytes [103, 104]. Therefore also the interaction of thyroid
hormones with growth factors are particularly important in
the CNS. IGF-1 has been reported to be neuroprotective in
the setting of neurodegenerative diseases such as Alz-
heimer’s disease, defending neurons against B-amyloid tox-
icity that is mediated by the PI-3K/Akt pathway. IGF-1 is a
mitogen for rat Schwann cells in the presence of high levels
of cAMP [105, 106], and IGF-1R controls neuronal lifespan
[107]. As mentioned above, thyroid hormones are able to
modulate the activity of a variety of growth factors, particu-
larly those whose receptors on the cell surface interact with
integrin otvf33, and IGF-1 is one such growth factor. Through
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the interaction with integrin av3 thyroid hormone also con-
tributes to the control of normal and abnormal angiogenesis
and to tumor cell proliferation. Several angiogenic factors
have important effects at the CNS. For example VEGF,
whose actions are usually considered to be limited to endo-
thelial cells, is also a neurotrophic factor that stimulates ax-
onal growth [108]. Other growth factors with neurotrophic
properties are bFGF and PDGF. VEGF is expressed in the
adult mouse superior cervical ganglia and dorsal root gan-
glia. A receptor for VEGF, fetal liver kinase, is expressed in
these neurons and also in Schwann cells. VEGF is also able
to increase axonal density in a dose-dependent manner, ex-
hibiting a maximum response at 50-100 ng/mL. NGF pro-
duces a similar effect, and when VEGF and NGF are added
together there is an additive effect on axonal growth. The
roles played by the two neurotrophic factors are recognized
to be different, with NGF being more efficient than VEGF
with respect to the induction of regenerating axons. But at
variance with NGF, VEGF increased survival of both neu-
rons and satellite-Schwann cells in the adult ganglia [108]. In
2013, Pantos and co-workers reviewed the contributions of
thyroid hormone to tissue repair and adaptation to environ-
mental stress and evolution [106]. The role of thyroid hor-
mones in differentiation has long been recognized, such as in
metamorphosis of tadpoles, and Mourouzis et al. suggest that
thyroid hormone be considered ‘the black box of repair’;
these authors listed a variety of papers in which thyroid hor-
mone has shown to participate in the repair of pancreas,
lung, kidney, nerve cells and skeletal muscle [109]. The pos-
sible contribution of thyroid hormone to peripheral nerve
regeneration, however, may have involved excessively high
concentrations of thyroid hormones [110]. Panaite and Ibtis-
sam studied T treatment of end-plates of rat limbs that have
undergone surgery [111]. Four weeks after surgery no sign
of innervation was reported, but after 14 weeks there was a
marked effect of T; in terms of enhancement of re-
innervation of gastrocnemius muscle and plantar end-plates,
and also increased ACh receptors at the neuromuscular junc-
tion; these results showed for the first time that T3 can in-
crease restoration of neuromuscular junctions and improve-
ment in synaptic transmission [111]. These results do not
seem to be mediated by neurotrophic factors, but the authors
propose that TR might be involved as a predominant recep-
tor in the sensory neurons. The TRa receptor may also play a
role in repair, particularly in Schwann cells [112]. Therefore
thyroid hormones probably make use of different pathways
to promote neuronal survival and growth.

The role of thyroid hormones in tissue repair and nerve
regeneration has also been studied in injured neurons in con-
nection with crosstalk with growth factors. Contradictory
results have been reported for actions of thyroid hormone on
the regeneration of peripheral nerves, perhaps due to the
multiple administrations of thyroid hormones made locally
to achieve a high concentration of the hormone. Voinesco et
al. [113] studied a single local administration of thyroid
hormone to the axon of the rat sciatic nerve in a closed sys-
tem, the surgical implantation of the sectioned terminals into
silicone chambers. Four weeks after local administration of
thyroid hormone Ts, there was a significant difference be-
tween control and Ts-treated myelinized axons in terms of
diameter, number, higher percentage of myelinated axons
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and thicker myelin sheets [113]. Peripheral and central nerve
and tissue regeneration in general require the presence of
growth factors released by lesioned tissues or cells. Neu-
rotrophic soluble factors released by injured peripheral axons
include NGF, brain-derived neurotrophic factor (BDNF),
ciliary neurotrophic factor, glia cell line-derived neurotro-
phic factor, and IL-6 [114]. Lesions of the sciatic nerve give
rise to a rapid activation of p38MAPK within 15 min and for
a duration of up to 6 hours, with an increase in mRNA ob-
served for NGF, IL-6, LIF and deiodinases type 2 and 3
[112]. The interaction of thyroid hormones with growth fac-
tors has actually been known since 1980, together with the
effects of thyroid hormones on metabolism and calorigenesis
[116]; the latter effects in particular involve somatomedins,
NGF, erythropoietin and EGF. NGF, erythropoietin and EGF
are particularly important to the development of both central
and peripheral nervous systems. Shulga and Rivera have
recently reviewed this topic [117], with special attention paid
to the role of thyroid hormones on GABA, receptor-
mediated transmission in development and after injury,
where BDNF seems to play a particularly important role.
Thyroid hormones have various roles in nerve cells, both
through the classical nuclear receptors and through the hor-
mone receptor on integrin avp3 that is associated with down-
stream signaling via MAPK [117]. The neurotrophins, in
particular BDNF, are important in the course of development
and are reduced in hypothyroidism [118, 119] and increased
in hyperthyroidism [120, 121]. At variance with this pattern
of growth factor expression is a study reporting increased
NGF in hypothyroidism [118], without any change upon
thyroxine treatment [122]. In analogy to BDNF also neu-
rotrophin-3 was decreased in hypothyroidism [119] and in-
creased in hyperthyroidism [122]. The Egrl transcription
factor is regulated by thyroid hormones [123], and Egrl in
turn regulates p75"™® expression in Schwann cells; thus thy-
roid hormone is likely to influence this modulation. When a
hypothyroid state is induced during development, the signal-
ing pathways of Akt, ERK and CREB are decreased, as is
the amount of the antiapoptotic protein Bcl-2 [118].

CROSSTALK OF THYROID HORMONES WITH
GROWTH FACTORS: SKELETAL MUSCLE

Skeletal muscle is today considered an endocrine organ,
and this context has recently been reviewed very satisfacto-
rily by others [124-126]; therefore we shall only briefly dis-
cuss a few particular aspects of this topic. The substantial
mass of skeletal muscle in the body is now known to release
growth factors or cytokines called myokines in response to
exercise or injury. Among these factors are IL-6, IL-10,
BDNF, IGF-1, LIF and fractalkine. It was mentioned above
that in osteoclasts T5 stimulated both bone resorption and IL-
6 release; thus, there is very likely some kind of IL-6 cros-
stalk with thyroid hormone involved in osteoclastic bone
resorption [64-66]. Against this background, we would note
that IL-6 is released during muscular exercise, and several
other cytokines (IL-1 receptor antagonist, ILra, IL-8, IL-10)
are released after intense exercise. IL-6 levels increase
exponentially during muscle exertion and reaches a peak at
the end of exercise [125]. Skeletal muscle provides the major
fraction of blood IL-6 associated with exercise, but is not the
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only source of this cytokine. IL-6 may be released from
connective tissue [127, 128], brain [129] and adipose tisue
[129]. As mentioned above T; can also modulate production
of IL-6 in completely different cell types such as human de-
cidual cells and osteoblasts, suggesting that this effect might
be part of a fundamental common signaling mechanism in
many cell types.

Short-term treatment of muscle cells with IL-6 increases
both basal activity of the glucose transporter GLUT4 and
translocation of GLUT4 to the plasma membrane. The effect
is mediated by AMP-activated protein kinase (AMPK), regu-
lated by cAMP and also by the AMP/ATP ratio. Leptin also
activates AMPK in skeletal muscle. IL-6 mediates the effect
on glucose uptake through the glycoprotein 130 (gp130).
The latter exhibits leptin-like effects, such as activation of
AMPK and stimulation of insulin signaling. BDNF is also
expressed in nonneural tissues and it appears to be a regula-
tor of metabolism in skeletal muscle [130]. We have men-
tioned above a relationship between thyroid hormone and
BDNF. Release of BDNF can increase after exercise [131]
and BDNF derives largely from the brain; in fact increased
levels of BDNF are found in both hippocampus and cortex in
mice after exercise. BDNF stimulates phosphorylation of
AMPK and acetyl-CoA carboxylase and increases fat oxida-
tion both in vivo and in vitro [125]. Fibroblast growth factor-
21 (FGF-21) is a chemokine induced by fasting, it is pro-
duced by skeletal muscle [132] and is a local factor in liver.
FGF-21 increases the hepatic expression of peroxisome pro-
liferator-activated receptor—y coactivator protein-la (PGC-
la), a transcription factor that regulates energy homeostasis
and increases fatty acid oxidation, the Krebs cycle and glu-
coneogenesis without increasing glycogenolysis. Mice de-
void of FGF21 are unable to increase PGC-1a expression in
response to fasting and both ketogenesis and gluconeogene-
sis are impaired [133]. Increased expression of FGF2] has
been associated with chronically elevated insulin levels, pri-
marily in men. Additional experimental evidence suggests a
role of FGF-21 as an insulin-regulated myokine [134, 135].
It was recently discovered that administration of T; stimu-
lates transcription of FGF21 in liver and adipose tissue, but
release or addition of FGF-21 in turn decreases the level of
thyroid hormone [136]. Thus it appears that thyroid hormone
and FGF-21 control each other, it is no longer a one-
direction signal but a homeostatic mechanism to maintain a
situation of stability, and there may be reciprocal modulation
in the setting of metabolic emergency. This is the first exam-
ple, to our knowledge, of an homeostatic regulation through
interaction of thyroid hormone with a growth factor.

THYROID HORMONES CROSSTALK WITH
GROWTH FACTORS: avB3 INTEGRIN A MARKER
OF PHYSIOPATHOLOGICAL SITUATIONS. POSSI-
BLE PHARMACOLOGICAL RELEVANCE

ovP3 integrin plays an important role in the action of
thyroid hormones and growth factors. An established role of
this integrin can be found in cancer cell proliferation and
modulators/inhibitors of integrin owvf3 can be used in on-
cotherapy. Tetrac and nanotetrac inhibit the binding of thy-
roid hormone to the membrane receptor on the avP3 in-
tegrin. In the absence of the ligand nanotetrac and tetrac
show proapoptotic and anti-angiogenic actions [137-139],
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Table 1. Mechanisms of reported or possible chemotherapeutic actions of tetrac/nanotetrac (modified from [142]).

Action Examples Effect References

Chemosensitization Efflux of doxorubicin, P-glycoprotein effect l [137,138]
Efficiency of chemotherapeutic agents 1 [137,138]

Radiosensitization Repair of radiation-induced DSB l [30,31]
Radiation-induced activation of integrin ov33 l [30,31]

Cell survival, gene expression Antiapoptotic genes (XIAP, MCL-1) l [45,139]
Proapoptotic genes (e.g. CASP2, BC2L14) 1 [45,139]
Stress-defense genes (e.g. HIF-10) l [45,139]

Cell cycle Cyclins and cyclin-dependent protein kinase genes l [45, 138, 140, 142]

Growth factors pathways EGFR gene expression and function l [45,57]
Reduction of angiogenesis l [138, 140, 142]

mainly due to the cross talk of integrin with several growth
factors as we have seen so far (EGF, VEGF and osteopontin)
that play a role in tumor growth. We summarize here some
pathological situations where the use of nanotetrac could be
beneficial, more examples can be found in Table 1: 1) Tu-
mor cell proliferation; 2) Tumor growth and energetic me-
tabolism: the P-glycoprotein; 3) Reproductive Physiology; 4)
Vascular diseases.

1. Tumor Cell Proliferation

Cheresh and co-workers have found that integrin avf3
support cell survival and proliferation independently of cell
adhesion, cell attachment or matrix ligation [46]. Therefore,
integrin avp3 expression can be considered a ‘marker’ for
cancer stem cells (CSC) and defines a cancer stem cell popu-
lation involved in the resistance to EGF receptor-targeted
tyrosine kinase inhibitors [47]. Nanotetrac formulation inhib-
iting the integrin may represent an efficient therapeutic tool
for a variety of situations involving tumor growth including
the downregulation of the expression of mRNA of EFGR in
estrogen receptor-negative human breast cancer MDA-MB-
231 cells [45, 139].

2. Tumor Growth and Energetic Metabolism: The
P-glycoprotein

Recent experimental evidences indicate that tumorigene-
sis may derive from imbalance of cell metabolism with an
increase of glycolitic pathway with respect to mitochondria
oxidative phosphorylation. This rewiring increases the lac-
tate production and increases intracellular acidification, af-
fecting in turn the redox balance and the survival of the cells
[141]. Tumor cells may adapt to a more acidic environment.
Several transport systems are able to modulate the pH in
these cells such as carbonic anhydrase, Na/H exchangers
and, monocarboxylate transporters. Targeting some of these
transporters, such as the Na/H exchanger or the monocar-
boxylate transport, may counteract tumor progression and
also reflect positively on redox equilibrium. Nanotetrac in-
hibits the integrin o3, that in turn may inhibit the Na/H
exchanger giving rise to sustained intracellular acidification,

that negatively affect the P-glycoprotein (P-gp glycoprotein
or multidrug resistance MDR-1 or ABCBI) activity, a
plasma membrane efflux pump present in normal and tumor
cells, in a way to increase the residence time of antitumor
drugs such as doxorubicin and etoposide substrates of P-gp
[142]. The inhibition of the Na/H exchanger can be achieved
also with the classical inhibitors of this transport system,
such as cariporide.

3. Reproductive Physiology

Additional studies on thyroid function, pregnancy and in-
tegrin ouv33 have appeared in the last 20 years. Integrins may
be markers for ‘unexplained infertility” [82, 83] and expres-
sion of integrins may be altered in secretory and proliferative
endometrium, but also in normal and malignant cells [86].
The different pattern of expression of integrins and in par-
ticular of integrin avB3, whose expression and activity is
dependent on growth factors may help to identify factors that
modulate its expression and the differences in expression and
activity in normal endometrium and in tumor cells. In fact,
increased expression of integrin o3 is associated with the
onset of pregnancy and this parameter can be considered a
marker for successful in vitro fertilization [85]. Also in this
case integrin owv33 can be considered a main player in differ-
ent physiopathological situations. Integrin avfB3 is consid-
ered a marker for angiogenesis and endometriosis in fact has
been considered an angiogenic disease since 1998, that is
those diseases that depend on excessive angiogenesis, to-
gether with solid tumors, rheumatoid artritis, psoriasis, dia-
betic retinopathy [142]. At that time the authors of the article
were looking for therapies able to inhibit the angiogenesis at
the integrin level. Nowadays, tetrac nanoparticulate may
represent a valid therapeutic tool, not only for endometriosis,
but also for the other angiogenesis -dependent diseases men-
tioned above.

4. Vascular Diseases

Vascular mineralization has become a serious problem,
since it leads to ectopic calcification, a predictor of vascular
diseases. The vitamin K-dependent matrix Gla-protein
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Fig. (2). Upper Panel: The cartoon shows some of the effects mediated by cross talk of thyroid hormones with growth factors, possibly
mediated by integrin avB3. From left to right is shown the cross talk between thyroid hormones and IGF-1 in L6 myoblasts [48], then the
interaction of integrin with BDNF in endothelial cells leading to migration and angiogenesis through the TrkB/integrin awv3/ERK1/2/FAK
[150]. The role of thyroid hormones is only hypothesized here, whereas BDNF is known to be important for lipid oxidation in skeletal
muscle [130]. The last part on the right shows the effect of FGF21 mediated by FGF21R and thyroid hormones leading to lipid oxidation as
nongenomic effect, and FGF21 gene expression and PGCI o gene expression as genomic effects [132-136]. The question mark refers to the
possible role of integrin in this pathway. Lower panel: This cartoon refers to thyroid hypo- or hyperfunction and development. From left to
right: the actin polymerization modulated by thyroid hormones in nerve cells is probably under the control of integrins (atvf3 has a question
mark). The cross talk between thyroid hormones and BDNF through TrkB is also shown, leading in hypothyroid animals to modulation of
different genes [151], but also resulting in or contributing to the switch of the GABA, receptor from depolarizing postsynaptic signal in the
course of development or after injury to hyperpolarization in the mature synapse [117, 121]. The lower left side of the cartoon shows the
stimulation by thyroid hormones of MGP synthesis in vascular smooth muscle cells whose dysregulation may lead to vascular calcification
[57-59].

(MGP) is widely recognized as an inhibitor of vascular calci-
fication, as reported above [58]. Several atherogenic stimuli
may promote vascular mineralization: inflammatory cytoki-
nes, oxidized lipids, high glucose, oxidative stress. Thyroid
hormones stimulate the expression of this protein by ge-
nomic mechanisms in vascular smooth muscle cells, maybe
as a part of angiogenic mechanism of these hormones. Thus
thyroid hormone also serves to reduce calcification [51]. A

summary of the effects of this paragraph is reported in Table
1.

CONCLUSION

Thyroid hormone acts not only genomically through its
nuclear receptors, TRa and TRp, but also nongenomically
through mechanisms that involve a plasma membrane recep-
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tor on the avf3 integrin. Several growth factors such as
EGF, FGF and IGF-1 which have tyrosine kinase receptors
also crosstalk with integrins in the signaling mechanisms that
lead to biological responses. In this review we have focused
our attention on the interactions (crosstalk) between thyroid
hormones and growth factors that may involve the avf3 in-
tegrin. We can draw the following conclusions from the new
findings reviewed.

Thyroid hormone plays an important role in many
physiological functions in metabolism and development,
such as bone resorption and calcium mobilization from bone
and these effects involve integrins. During skeletal develop-
ment and growth, T3 stimulates osteoblast activity, resulting
in osteoblast differentiation, bone matrix synthesis and bone
mineralization. Involved in this process is IGF-1 transcrip-
tion that leads to Wnt and Akt pathway activation that is
involved in growth plate ossification. Thyroid hormones
modulate angiogenesis, and all the physiological processes
related to it reported also in the previous paragraph for pos-
sible pharmacological applications involving vascular dis-
ease and reproduction. EGF plays an important role in early
pregnancy, and T3 not only interacts with EGF in placenta
development and invasion of EVT, but also regulates angio-
genic growth factor and cytokine secretion that ensure suc-
cessful pregnancy.

Thyroid hormones also modulate immune response. Ty
potentiates the antiviral effect of IFN-y via avp3 integrin.
IGF-1 acts as a chemokine after an injury of muscle tissue
and this is a new area that will be probably developed in the
next years.

Thyroid hormones are important for the development of
the central nervous system and their effects are both genomic
and nongenomic; an example of the latter is actin polymeri-
zation, leading to cytoskeleton formation. T; modulates the
secretion of bFGF, EGF and FGF and a recent study reports
that T is able to enhance restoration of the neuromuscular
junction and synaptic transmission by an unknown mecha-
nism. The interplay of thyroid hormones with growth factors
such as NGF and EGF is well known and thyroid hormones
play an important role in GABA, receptor-mediated trans-
mission after injury, through the involvement of BDNF. In
skeletal muscle, T; is able to increase the level of cytokines
such as IL-6. The release of IL-6 also occurs with intense
exercise and there is hormone crosstalk with BDNF which
increases after exercise, and with the production of FGF-21,
"an insulin-regulated myokine" that leads to fat oxidation.
FGF-21 has received recent attention because it induces
PGCl1-o expression. Increased expression of this cytokine
has been associated with chronically high levels of insulin
and it is modulated by T;.

Thyroid hormone involvement in a variety of metabolic
and developmental processes is now widely acknowledged,
and their interaction with growth factors represents an addi-
tional mechanism that may explain such processes. Under-
standing the role of thyroid hormones in this crosstalk may
facilitate the development of new tools for therapeutic inter-
vention, and in this context the nanotetrac formulation ap-
pears to be very promising. In this review we have focused
on new developments in the field for reasons of space, but
further examples can be found in recent reviews on thyroid

Immun., Endoc. & Metab. Agents in Med. Chem., 2015, Vol. 15, No. 1 81

hormone nongenomic effects concerning membrane trans-
port systems [143], immune activities [144, 145], skeletal
muscle [146], molecular aspects [147], and the possible
clinical applications [148, 149]. Some of these effects are
summarized in Fig. (2).
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