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Abstract: Extranuclear or nongenomic actions of thyroid hormones are unaffected by the inhibitors of protein synthesis,
their site of action has been localized at the plasma membrane but also in the cytoplasm and organelles such as the mito-
chondria. This review takes into account recent major advances in nongenomic effects of thyroid hormones in nervous
system, immune system and cardiovascular tissue, with a particular focus on the plasma membrane receptor integrin avf3.
In nerve cells nongenomic effects of thyroid hormones point mainly to a direct modulation of several channels/receptors
for the major neurotransmitters, even though more complex pathways have also been demonstrated. Certain neuroprotec-
tive actions have recently been described for thyronamines, and this may be relevant to Alzheimer’s disease and multiple
sclerosis. The immune system is also modulated nongenomically by thyroid hormones, through potentiation of the effects
of cytokines such as IFN-y or lipopolysaccharide, or through activators of STAT protein leading to activation of the
mammalian target of rapamycin (mTOR) pathway, a highly-conserved kinase downstream target of nongenomic actions
of thyroid hormone. The mTOR system is also involved in the cardioprotection mechanisms, where thyroid hormone sig-
naling through the receptor integrin avp3 may play an important role that needs to be further studied. The identification of
integrin avf3 as a plasma membrane receptor for thyroid hormones has provided a new perspective on the role of these
hormones in cellular defense. Analogs of thyroid hormones, inhibitors and agonists at the integrin receptor for the hor-

mone and mTOR inhibitors are evaluated as areas of emphasis for therapeutic research.
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INTRODUCTION

Thyroid hormones triiodothyronine (T3) and thyroxine
(T4) give rise to a wide range of different effects on metabo-
lism, growth and development [1, 2]. They are considered
the main hormones controlling tissue growth, even though
they are not the only ones since obviously steroid hormones,
insulin and growth hormone also make their important con-
tributions to the development and growth of the organism.
This implies that thyroid hormones produce a wide range of
effects and in practically every type of tissue. The major
form of thyroid hormone secreted by the thyroid gland is T,
(Fig. 1), whereas T; is largely produced in target tissues by
deiodination of T, [3]. It is T that accounts for the majority
of the actions of thyroid hormones; these effects are known
to be mediated by the binding of T3 to specific nuclear recep-
tor proteins that modulate gene expression [1]. Being
genomic effects they require hours for consequent protein
synthesis and the biological response to become manifest. So
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far two different types of receptors, TRa and TRp, have been
identified, and the ligand-binding domains of both TRa and
TRp have been crystallized and structurally characterized in
detail [4, 5]. But it is now well established that thyroid hor-
mone also can act through nongenomic and extranuclear
actions, with a time-course of seconds to minutes, and that
these effects can be mediated by binding of T; or T, to re-
ceptors on the plasma membrane of different cells [6]. Al-
though various reports of nongenomic actions of thyroid
hormones began to appear in the literature more than 35
years ago, it is only in the last decade that more detailed in-
formation on the mechanisms behind these effects have be-
come available, in particular after the identification in 2005
of integrin avfB3 as a plasma membrane receptor of thyroid
hormones [7].

The discovery of the integrin receptor for thyroid hor-
mone was a major breakthrough which inspired and renewed
research in the field, and it also led to the publication of a
review in a special issue of Immunology, Endocrine & Meta-
bolic Agents in Medicinal Chemistry [Vol. 6, Number 3,
June 2006]. The purpose of the present article is to provide
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Fig. (1). Thyroid hormones and related molecules. The structures of thyroxine (T,), triiodothyronine (T3) and some of the metabolites and
analogs mentioned in this review. (a) T4; (b) Ts; () rTs; (d) DITPA,; (e) Tetrac; (f) T.AM; (g) ToAM; (h) Bisphenol A.

an update on our current understanding of nongenomic ef-
fects of thyroid hormones six years after the IEMAMC re-
view in 2006. This update will include the major advances in
our understanding of these important hormones made in the
last few years, in particular the effects involving the integrin
receptor. But there are other plasma membrane or cytosolic
receptors that may mediate fast nongenomic effects, and
there is also a possible direct effect of the hormones on
channel/receptor structures. Another aspect of the mecha-
nism that has been recognized recently is the contribution of
mMTOR to thyroid hormone physiology [8]. The nongenomic
picture now appears to be just as variegated as the genomic
one: different effects of thyroid hormones may be found in
all kind of cells. The tissues where there has been more pro-
gress in research are the cardiovascular system, the nervous
system and the immune system, the latter being a relatively
new and little known topic [9]. We will focus mainly on
these targets, but also give some information on the current
situation for other tissues and physiopathological conditions.

GENERAL NONGENOMIC MECHANISMS OF THY-
ROID HORMONES

Nongenomic actions of thyroid hormones are mediated
through transduction pathways involving cytoplasmic
kinases such as mitogen-activated protein kinase (MAPK)
[10-16] or phosphatidylinositol 3-kinase (PI3K) [17-22].
These kinases are early factors and may give rise down-
stream to specific nuclear long-term effects such as gene
transcription and cell proliferation [23, 24]. Thus nonge-
nomic and genomic actions of thyroid hormone can inter-
face, leading to complex cellular events. The extranuclear
effects may also depend on the initial binding of T; or T, to a
receptor in the cytosol; this could be one of the TRs interact-
ing with other proteins. Binding of thyroid hormone to the
integrin avp3 receptor on the plasma membrane gives rise to
a complex sequence of cellular events, leading to angiogene-
sis and tumor cell proliferation, and only a few of these

events have been characterized to date, including the tran-
scription of genes such as ZAKI4 and HIF-1«a [6, 25, 26].
Integrins are integral membrane proteins that are very impor-
tant for extracellular matrix (ECM) protein interactions.
They are heterodimers composed of an a-type and a B-type
subunit, with a long extracellular domain for the binding to
ECM proteins, a transmembrane domain, and a short cyto-
plasmic domain that interacts with cytoskeleton actin and
other proteins [27, 28]. The binding of proteins or smaller
molecules to integrins on either the outside or the inside of
the plasma membrane may regulate important cell functions
such as differentiation, proliferation, migration, tumor inva-
sion, metastasis, gene expression, and cell survival [29]. Im-
portant physiological functions where integrins, particularly
the integrin avp3, are involved are angiogenesis, wound-
healing, tissue development and differentiation [30]. Dys-
regulation of integrins may play a role in the pathogenesis of
several diseases affecting different tissues; overexpression of
integrins has been reported to occur in several types of tu-
mors. The integrin avp3 is involved in several mechanisms
of tumor growth and invasion [31, 32]. This high expression
of integrins in tumor cell make them a valuable target for
cancer therapy, including antiangiogenic therapy. It is also
known that viruses and bacteria may use integrins to enter
the cells [33, 34].

NERVOUS SYSTEM CELLS

Thyroid hormones are very important for the normal de-
velopment and differentiation of the cells of the central
nervous system (CNS). Deficiency of thyroid hormones dur-
ing the perinatal period may result in severe mental and
physical retardation. In addition to the genomic effects of
thyroid hormones, the existence of nongenomic actions have
been known for some time [35]. In astrocytes, T, is con-
verted to T3 by a 5’-deiodinase and Tj is then transferred to
neurons where it binds to nuclear receptors to regulate gene
expression. It is likely that T; in these cells is directly regu-
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lating gene expression of proteins such as myelin basic pro-
tein, neurotrophins and reelin [36]. Thyroid hormone — Ty,
but not T3 — can modulate processes such as actin polymeri-
zation and the extracellular arrangement of laminin, an ECM
protein which has a primary role in nerve cell migration dur-
ing CNS morphogenesis, through the interaction between
integrins and components of the cytoskeleton [37-39]. Ex-
perimental hypothyroidism has been widely used to study the
roles of thyroid hormones in brain and brain development.
Hypothyroidism can be achieved by thyroidectomy of preg-
nant female animals or administration of antithyroid drugs
such as 6-propyl-2-thiouracil (PTU), and the effects can be
evaluated from the biochemical activities and morphological
parameters of fetuses and newborns [40-42]. The systems
mainly affected under these experimental conditions are: a)
the neurotransmitter system; b) the expression and activities
of plasma membrane ion transport systems (Na'/H'-
exchanger, Na'/K*-ATPase and Ca’’-ATPase); c) the neu-
ronal cytoskeleton.

In nervous system cells, nongenomic actions of thyroid
hormones may be initiated at a plasma membrane integrin or
a G-protein, followed by activation of a second messenger
cascade. Although fast compared to modulation of gene ex-
pression and protein synthesis, chemical messenger-based
mechanisms are always less rapid than the direct interaction
of a hormone molecule with a channel or transporter. For
thyroid hormones this type of interaction was first shown by
Martin et al. in 1996 [43] who found that direct binding of T,
to the ionotropic GABA, receptor gave rise to a concentra-
tion-dependent, biphasic modulation of chloride currents in
synaptoneurosomes. A similar direct interaction and modula-
tion of nervous cells firing activity in CNS is also known for
the neurosteroids, which is reasonable from an evolutionary
point of view when dealing with cells where saving millisec-
onds of the reaction time may save small fishes from preda-
tion.

Involvement of the integrin receptor in the T,-mediated
increase of voltage-gated neuronal Na* currents [44] was
found in sensory neurons, Rohn-Beard cells, of the zebrafish
spinal cord [44]. The downstream signal transduction path-
way passes through the p38 isoform of the MAPK pathway;
T, did not affect the Na™ currents in this experimental sys-
tem. Studies on rat brain slices showed the modulation by T,
of Na" current in prefrontal cortex, but this effect did not
seem to involve integrin avp3 or another membrane receptor
[45]. It could therefore be the result of a direct effect of the
hormone on the channel, but this has not been shown so far.
Genomic and nongenomic actions of thyroid hormones may
interface to regulate the density of Na'-channels and the ac-
tivity of neurons. T3 seems to be more active on the genomic
pathway, whereas T, is more active on the nongenomic
pathway in modulating basal activity of the Na" channels
[45].

The local administration in vivo of T, rapidly inhibited
fast excitatory postsynaptic potentials in the dentate gyrus of
the hippocampus with stimulation of the perforant pathway
[46]. This effect was particularly significant in hypothyroid
rats; a similar response was found using isolated hippocam-
pal slices [46]. The perforant pathway together with the
mossy fibers and Schaffer collateral represent the circuit of
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long-term potentiation, one of the sites of the long-term
memory. Interestingly T; and T4 produced opposite effects in
the CA1 area of the hippocampus: T3 increased the cell firing
rate whereas T, decreased it. These effects were quite small
on the basic firing activity, but they became very significant
for the cell firing rate induced by norepinephrine. This work
provides the first evidence that nongenomic actions of thy-
roid hormones lead to rapid changes in neuronal excitability
in the hippocampus in adult euthyroid rats, depending on the
relative levels of T; and T, [46].

The ionotropic receptors of glutamate, the main excita-
tory neurotransmitter of the CNS, are also affected by thy-
roid hormones through nongenomic mechanisms, both in
primary cultures of hippocampal neurons and in slices [47].
Albeit in what are considered to be supraphysiologic concen-
trations, T3 and T, were shown to decrease NMDA currents,
and this effect was not competitive with glutamate or glycine
binding [47]. Since NMDA receptors are targets for protein
kinases [48], the hypothesis that thyroid hormone effects
could act through PKC-mediated phosphorylation of the
channel was tested, but this kinase was found not to be in-
volved. The other ionotropic receptors involved in glutamate
neurotransmission were AMPA and kainate, whose activity
was inhibited by T3 but not by T, [47], again opposite effects
of Tz and T4 on nervous cells were observed [49].

Thyroid hormones have been known for many years to
modulate the ionotropic GABA receptor, the main inhibitory
neurotransmitter of the central nervous system, in different
ways. The levels of glutamate and GABA, the synthesis and
degradation of GABA, and its release and reuptake by neu-
rons are all parameters depending on thyroid hormone ac-
tions; but, on the other hand, the GABAergic system also
regulates the pituitary-thyroid axis at different points [50].
The majority of these effects are mediated by transcriptional
mechanisms, but there is much evidence also for a direct
action of thyroid hormones on ionotropic GABA receptors
[40]. In cultured hippocampal neurons T; and T, in the mi-
cromolar concentration range decrease GABAa-evoked cur-
rents [49, 51]. The antagonism was found to be non-
competitive, as previously shown by different authors in
synaptoneurosomes from rat brain [52, 53]. The hormone
concentrations employed were quite high, but it is possible
that thyroid hormone concentrations in the brain could be
locally regulated, as in other tissues and cells, and high lev-
els might be present in specific brain areas [49]. To identify
elements of a possible nongenomic signaling pathway vari-
ous experimental procedures were available, such as a phar-
macological approach with respect to receptor phosphoryla-
tion, intracellular Ca** measurements or the use of the Ca’*
chelator BAPTA, the use of protein kinase blockers and of
tetraiodothyroacetic acid (tetrac) or other probes of the in-
tegrin avp3 receptor [7, 14, 42, 54, 55]. None of these treat-
ments were able to affect the inhibition by thyroid hormones
of GABA-induced currents [51], implying that this effect
may be the result of a direct interaction of the hormones with
the GABA receptor.

Thyroid hormones may have an important role also in
neuroprotection. Repeated administration of T4 is able to
protect against brain ischemia [56, 57] and T, is known to
support the integrity of the brain vascular system [58]. Fur-
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thermore thyroid hormones may support the activity of the
CNS by nongenomic/genomic modulation of primary and
secondary transport systems such as the plasma membrane
Na*/H* exchanger, Na'/K*-ATPase, and Ca**-ATPase. The
activation of the Na'/H" exchanger by thyroid hormones [10,
16] may help a tissue to recover from ischemia/acidosis.
Thyroid hormones are able to modify Na*/K*-ATPase activ-
ity [15, 19, 21, 22], thus contributing to maintenance of the
Na" gradient across the plasma membrane and action poten-
tials in excitable cells. Thyroid hormones also influence Ca?*
levels by changing the activity of voltage-dependent calcium
channels [42] and of the Ca-ATPase [59-61]. The activity of
channels can be regulated not only at the GABA receptor or
glutamate receptor levels, and through voltage-gated Na*
channels, but also at the inward rectifier K* channel [62].
These effects support a general rule of thumb: thyroid hor-
mones are important contributors to the maintenance of
steady state. The K" channel in fact is activated by mem-
brane hyperpolarization after an action potential and supports
recovery and maintenance of resting membrane potential
[63]. All of these effects can be considered neuroprotective,
but there are other very interesting effects of thyroid hor-
mones in the CNS. One of the more life-threatening forms of
brain damage is glutamate excitotoxicity: an increase in the
concentration of glutamate in the extracellular space in brain
ischemia contributes to neuronal death, and chronic gluta-
mate toxicity is implicated in the pathogenesis of neurode-
generative diseases. It has been shown that T; at 10 nM
eliminates the gliotoxic effect of glutamate on cultured cere-
bellar astrocytes and enhances viability of astrocytes and
neurons in co-culture [64]. The mechanism of neuroprotec-
tion involves the enhanced uptake of glutamate by glutamate
transporters in astrocytes, due to both increased transporter
activity and increased transporter expression. That is, gluta-
mate excitotoxicity is expressed at the cell surface and re-
lieved by cell uptake and metabolism of the glutamate. Pro-
tection by T3 of rat hippocampal neurons against glutamate
toxicity by a nongenomic mechanism has also been reported
[47]. Once more, the nongenomic and genomic effects of
thyroid hormones seem to interface, and in this case the in-
teraction leads to neuroprotection.

In this context it could be useful to find a thyroid hor-
mone analog that shows the positive neuroprotective effect
of T; and may be used as a therapeutic device, without pro-
ducing the other thyroid hormone actions. Interesting com-
pounds in this respect have been recently proposed: the thy-
ronamines. These are thyroid hormone derivatives with a
decarboxylated side chain. Two thyronamines, one with a 3-
iodine (T{AM) and the other without iodine (T,AM), have
been tested by Scanlan and co-workers [65, 66] and seem to
be particularly active as neuroprotectants. The thyronamines
bind G-protein coupled receptors called TAARL, rather than
the intracellular thyroid hormone receptors; therefore, their
mechanism must be largely nongenomic. A remarkable ef-
fect of thyronamines is lowering of the body temperature
without giving rise to a homeostatic response. Therefore
these agents might be used for neuronal rescue in the setting
of ischemia. In fact, a thyronamine given i.p. to mice after
cerebral artery occlusion promptly lowered the body tem-
perature to 31 °C. The agent also reduced infarct volume by
more than 30%. These effects are thought to be nongenomic
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and mediated by the TAARL receptor. Future studies will no
doubt test these interesting molecules also in other possible
pathological situations associated with brain damage, but
also in a different context such as the cardiovascular system,
where lowering body temperature — and thus metabolism —
in the setting of ischemia can result in tissue salvage [67].

Related to neuroprotection is the SELective AD indicator-
1 (seladin-1) gene which codes for a protein found to be de-
ficient in Alzheimer’s disease (AD) [68, 69]. The seladin-1
protein inhibits the proapoptotic protein caspase 3 and shows
enzymatic activity as a hydroxysterol reductase that converts
desmosterol to cholesterol. Thyroid hormones, mainly Tj,
promotes the expression of the gene in neuronal precursor
cells and therefore protects the precursor neuron cells from
apoptosis through this protein [70]. The modulation of se-
ladin-1 gene expression may be a component of the effect of
T3 on embryonic fetal brain development [68]. T; also inhib-
its the expression of the B-amyloid precursor protein (APP)
gene in neuroblastoma cells in culture [71]. The effect of
thyroid hormone on APP gene splicing and in general on AD
was summarized recently [72]. It is worthwhile to mention at
this point that the serum protein transthyretin, one of the
transporters of thyroid hormone, appears to have neuropro-
tective effects in ischemia, but has shown contradictory ef-
fects in AD models. It was found to increase the cleavage of
the AB-peptide [73], but also to enhance the deposit of the
peptide in vascular system of the mouse AD model [74].
Even though the role of thyroid hormones in the context of
AD and other neurodegenerative diseases is not particularly
clear at present, such aspects should be taken into account
when considering the use of analogs of thyroid hormones,
and also inhibitors of the avf3 integrin function, as possible
therapeutic tools [57].

A new type of neuroprotective effect of thyroid hormone
was recently described for experimental allergic encephalo-
myelitis rats, an animal model of multiple sclerosis [75]. In
this system T3 administration resulted in myelin sheath pro-
tection due to an increased remyelination/demyelination bal-
ance and improved nerve impulse propagation.

IMMUNE SYSTEM CELLS

The last few years have brought increasing evidence con-
firming the importance of thyroid hormones in immune sys-
tem function and physiology [8, 9, 76, 77]. In general, hyper-
thyroidism enhances the immune response in terms of anti-
body production, cell migration, lymphocyte proliferation
and reactive oxygen species (ROS) production, whereas it is
associated with decreased proinflammatory marker release,
antioxidant enzyme production and immune functions [9].
Hypothyroidism often gives rise to the opposite effects for
some of these parameters: it decreases the immune response,
antibody production, cell migration and lymphocyte prolif-
eration [77, 78]. However, certain of these effects have not
yet been confirmed and therefore it is difficult to predict cor-
relation between immune function and hyper- or hypothyroid
conditions [79-82]. A connection between thyroid hormone
and the immune system has been observed mainly in patho-
physiologic conditions, but it can also been detected under
normal physiological conditions. Hodkinson et al. [83]
measured different characteristic parameters of the immune
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system in a large group of healthy euthyroid subjects, to-
gether with the plasma thyroid hormone concentrations.
They used these data to demonstrate a direct correlation of
immune functions with low and high levels of T; and Ty, all
within the normal physiological ranges of the hormones [83].

Thyroid hormones are able to potentiate the antiviral
state induced by IFN-y, a pro-inflammatory and pro-
apoptotic cytokine that regulates host defense, on HLA-DR
expression in CV-1 fibroblasts and HelLa cells, these cells
are devoid of the classical nuclear receptors and therefore
any effects observed must be due to hormone binding at the
plasma membrane or in the cytosol [11]. The signal trans-
duction mechanism was identified as a downstream activa-
tion of the MEK-MAPK signaling pathway that in turn acti-
vated STAT1a; this was before integrin avp3 was identified
as a plasma membrane receptor for thyroid hormone. Inter-
estingly, T, at the physiological concentration of 107 M was
effective, while T3 was effective only at the supraphysiologi-
cal concentrations of 107 M. Tetrac, a product of thyroid
hormone metabolism (Fig. 1) and now used as a probe to test
the involvement of the integrin receptor, was able to inhibit
the effect of thyroid hormones, whereas membrane-
impermeant T4-agarose mimicked the effect, thus confirming
that the hormone acted at the plasma membrane by a nonge-
nomic mechanism [11]. The potentiation by thyroid hormone
of IFN-y antiviral activity depends on the MAPK phosphory-
lation and nuclear translocation and, as a result, on the
STAT1a pathway activated by the cytokines. In fact, nuclear
STAT1la was found in MAPK immunoprecipitates after
treatment of cells for 30 min with 100 nM T,. Thyroid hor-
mone was able to increase the phosphorylation at Ser-727 of
STAT1a, the same effect was achieved by the use of IFN-y
[11], whose activity is also influenced by other cytokines or
lipopolysaccharide (LPS) [84-86].

LPS and IFN-y are able to activate PI3K and mammalian
target of rapamycin (mTOR), a highly conserved serine-
threonine kinase involved in cell growth and protein synthe-
sis in response to growth factors and nutrients by activation
of p70S6 kinase and 4EBP1 [87]. mTOR regulates phos-
phorylation of STAT1a at Ser-727 in lung epithelial adeno-
carcinoma cells (A549) [88]. Activation of PI3K and mTOR
pathways leads to the activation of STAT1-dependent tran-
scription of pro-apoptotic and pro-inflammatory genes. The
activation of STATL is mediated by PKC isoforms & and &,
but also other kinases may be involved through an integrin-
dependent interaction [89, 90].

Thyroid hormone T, — but not T3 — can modulate the
pericellular arrangement of laminin, an extracellular matrix
protein which has a pivotal role in nerve cell migration dur-
ing CNS morphogenesis, through the interaction between
integrins and components of the cytoskeleton [37]. The same
authors also showed that thyroid hormones are able to stimu-
late actin polymerization through nongenomic mechanisms,
a process used by leukocytes and other cells able to migrate
in response to chemoattractant molecules [91]. Cell migra-
tion to the inflammation site depends on a series of processes
which are part of a typical immune response: rolling, adhe-
sion and transmigration. The integrin avp3 is widely ex-
pressed in cells of the immune system, where it is probably
involved in proliferation, differentiation and migration proc-
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esses [8]. For THP-1 monocytes it has been shown that in-
tegrin avB3 and LPS are involved in the Coxiella burnetii-
stimulated production of tumor necrosis factor [33].

The preceding evidence caused us to examine whether
the integrin avp3 could be involved also in other effects in-
duced by thyroid hormones in immune system cells. We
found that thyroid hormones were able to increase ROS pro-
duction, and that this effect could be inhibited by the RGD
tripeptide recognized by several integrins, as well as by in-
hibitors of PI3K and ERK1/2 (wortmannin and PD98059,
respectively) and by the flavoprotein inhibitor diphenylene
iodonium, indicating a possible involvement of the plasma
membrane NADPH oxidase [8]. ROS production may in turn
support other typical activities of monocytes, such as cell
migration [8].

One of the authors of this review (RNF) and co-workers
have recently defined an interface between nongenomic and
genomic actions of thyroid hormones on cell proliferation,
and reported the up-regulation of nuclear thyroid hormone
receptor and iNOS expression [76]. It was found that the cell
proliferation effect initiated at the plasma membrane, since
thyroid hormone covalently bound to agarose and thus ex-
cluded from the cell interior was capable of inducing cell
proliferation, although to lower extent than the free hormone
[76]. We may close this section by quoting a phrase from
this work: *Therefore, thyroid hormones activation of non-
genomic signal through this integrin receptor would contrib-
ute to the physiologic interaction between immune cells dur-
ing immune responses and would explain the immune deficit
frequently observed in hypothyroid conditions’ [76].

From this survey of thyroid hormone and the immune
system, we conclude that the inhibitors/ligands of the in-
tegrin avp3, like tetrac, the RGD peptide or disintegrins
sharing the same RGD sequence such as echistatin from
Echis carinatus [92], could be tested as possible modulators
of immune system functions.

CARDIOVASCULAR SYSTEM

The cardiovascular system is a principal target of thyroid
hormone [93]. A number of hormone actions are carried out
through the classical nuclear receptors, mainly TRal, but
also via nongenomic effects that are becoming increasingly
appreciated. Thyroid hormones exert their effects mainly by
stimulating the synthesis of proteins that are important for
the function of the heart: sarcoplasmic reticulum Ca®*-
ATPase, a-myosin heavy chain, Bl-adrenergic receptor or
voltage-gated channels, just to mention some of them [94].
Thyroid hormones are also able to affect heart function
through stimulation of systolic contraction and diastolic re-
laxation by modulating the release and reuptake of calcium
ions into and from the sarcoplasmic reticulum. Phospholam-
ban, a membrane protein that is positively regulated by thy-
roid hormone, decreases the rate of muscle relaxation and
contractility through inhibition of the calcium pump [95].
Proteins that are known to be regulated either positively or
negatively by thyroid hormones are listed in Table 1

Another important aspect of thyroid hormone function is
the effect on lipid metabolism. The euthyroid subject who
has no genetic dyslipidemia has normal levels of blood cho-
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Table1l. Negative and positive regulation of proteins by thyroid hormones in the heart.
Negative regulation References Positive regulation References
B-Myosin heavy chain [136, 137] a-Myosin heavy chain [136, 137]
Phospholamban [138, 139] Sarcoplasmic reticulum Ca**-ATPase [138-140]
Na'/Ca?* exchanger [138, 139] Na*,K*-ATPase [140, 141]
al-Adrenergic receptors [145] B1-Adrenergic receptors [143-147]
Thyroid hormone receptor al [142] Voltage-gated potassium channels [142]
Adenylate cyclase type V [142] Atrial and brain-natriuretic peptides [142]
Adenylate cyclase type VI [142] Adenine nucleotide transporter 1 [142]
Guanine nucleotide-binding protein G; [142] Guanine nucleotide-binding protein G, [142]
Ca**-channels [151] Ryanodine receptors [148]
K*-channels (Kv 1.2, Kv 1.4) [154] K*-channels (Kv1.5, Kv4.2, Kv4.3) [149-151]
PKC-¢ [155-157] Connexin-40, Connexin-43 [152, 153]

lesterol, since thyroid hormone promotes expression of the
plasma membrane LDL receptor. In untreated hypothyroid-
ism, levels of blood lipids, including cholesterol, are typi-
cally increased, but can be normalized by thyroid hormone
therapy. This regulation of blood lipid is also important for
the heart function, since high lipid levels can lead to athero-
sclerosis and increased risk of other cardiovascular patholo-
gies. Hypolipidemic hormone analogs could help to control
such life-threatening diseases, and should be devoid of unde-
sirable effects of excess hormone action on the heart, includ-
ing increased heart rate, atrial fibrillation, congestive heart
failure and dilated cardiomyopathy [96, 97]..

The possibility of nongenomic contributions of thyroid
hormone to regulation of cardiac mass and in cardioprotec-
tion have been investigated for several years [20, 98-100].
Thyroid hormones T3 and T4 can promote growth (hypertro-
phy) that involves enlargement of cardiac myocytes [99].
The hypertrophic process initiated by iodothyronines in-
volves the activation of PI3K/PKB-Akt [98] and downstream
targets such as mTOR [99, 100], and possibly glycogen syn-
thase kinase-3p [GSK-3B;101]. The contributions of GSK-3p
[102, 103] and mTOR [104] to the biochemistry of hypertro-
phy in the absence of thyroid hormone are clear, and inhibi-
tion of mTOR has been shown to prevent thyroid hormone-
induced myocardial hypertrophy [100]. A very recent paper
[105] showed that thyroid hormones are very important for
the maturation of sheep fetal hearts with an involvement of
MTOR, SERCAZ? and also atrial natriuretic peptide (ANP). Is
there a role for integrin avp3 in the maturation of the heart?
Thyroid hormone signaling mediated by the integrin receptor
in the heart has not been shown so far. A regulatory contri-
bution by integrin avp3 in human cardiac fibroblasts has
been recently described, where inhibition of the integrin is
able to potentiate the BNP/cGMP response in cardiac fibro-
blasts [106]. Cardiac fibroblasts are important in cardiac
remodelling and fibrosis through their proliferation, differen-
tiation and secretion of extracellular matrix proteins; there-
fore modulation by integrin avp3 of ANP signaling in

cardiac remodelling could be another target for thyroid
hormone.

Aortic constriction triggers an inflammatory process that
may contribute to cardiac dysfunction both in humans and in
models of myocardial hypertrophy. It is important to define
the mechanisms involved, and to identify tools able to sup-
press the inflammatory process. To study the role of mTOR
in pathological hypertrophy Song et al. generated transgenic
mice with specific overexpression of heart mTOR [107,
108]. These mice (MTOR-Tg) were protected against cardiac
dysfunction induced by left ventricular pressure overload
(transverse aortic constriction, TAC), and their hearts
showed a low level of interstitial fibrosis compared to wild-
type mice after 4 weeks of TAC. The mechanism of the in-
flammatory response is not known, but certainly proinflam-
matory cytokines such as IL-6 and IL-1p are involved in
models of cardiac hypertrophy [109-111]. One week after
TAC treatment IL-1B and IL-6 levels were increased signifi-
cantly in wild type mice, but not in mTOR-Tg mice. In vitro
experiments showed that transfection of HL-1 cardiomyo-
cytes with mTOR inhibited the increase of IL-6 due to LPS,
whereas treatment with the mTOR inhibitors rapamycin and
PP242 prevented this effect [107]. In addition, mTOR over-
expression reduced NF-kB-regulated transcription in the
cardiomyocytes. Taken together, these data indicate that
mTOR confers cardioprotection by suppression of the in-
flammatory response [107]. However, it should be men-
tioned that other authors previously have reported contrast-
ing results; in wild type mice treated with inhibitors of
mTOR after aortic costriction for 5 weeks, the hemodynamic
parameters indicated protection [112], whereas rapamycin
inhibited cardiac hypertrophy and improved cardiac per-
formance in mice subjected to pressure overload [113].

The results of Song et al. [107] are important because
they suggest continuation of the effort to modulate pharma-
cologically the expression of mTOR in several of the models
of cardiac disease mentioned above. Many different factors
are known to regulate mTOR activity or expression of the
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mTOR gene. These include hormones, growth factors, and
cytokines, and it is known that T; may act through mTOR as
indicated above. The relationship between thyroid hormones
and mTOR was first shown in fibroblasts [17, 18, 26] where
nongenomic activation of mTOR was found to give rise to
transcription of the genes for the calcineurin inhibitor ZAKI-
4 and hypoxia-inducible factor HIF-1a. Once more we see
an interplay between nongenomic and genomic effects of
thyroid hormones. These results have been confirmed in the
last few years in several papers using different cell models,
most cardiomyocytes [99, 100, 114] and also in rat hippo-
campus [115]. Is integrin avp3 actually involved in the me-
diation of mMTOR? The evidence in the heart cells is, for the
time being, still lacking. Very recently Gnoni and coauthors
have shown that T; induces expression of the sterol-
regulatory element binding protein-1 (SREBP-1) in HepG2
cells, by a nongenomic mechanism PI3K/Akt/mTOR-C1
pathway activation. The Tj effect is partly inhibited by tet-
rac, a probe of the interaction of T3 and the avp3 integrin
receptor, and mimicked by Ts-agarose, an analog of T3 that
does not enter the cell [116].

From all these studies it appears that non-nuclear, non-
transcriptional effects of thyroid hormone can be mediated
by cytosolic/nuclear receptors or by a plasma membrane
receptor to give complex physiological responses. These
actions of thyroid hormones are rapid in onset but may lead
to long-term effects.

At the end of this paragraph on the complex actions of
thyroid hormones in heart, we note that from a pharmacol-
ogical point of view there are several compounds worthy of
being tested for their potential as therapeutic tools against
cardiovascular disease. We have already mentioned thy-
ronanime derivatives in other section of the present article
and we refer the reader to the references quoted there. An-
other compound that was reported in IEMAMC 2006 as a
possible tool in cardiovascular disease is  3,5-
diiodothyropropionic acid (DITPA, Fig. 1), reported to in-
crease cardiac output and to lower left ventricular and dia-
stolic pressure, improving ventricular relaxation after infarc-
tion, but without increasing the heart rate. DITPA decreases
the inflammatory response and myocardial infarct size in
animal models, when administered up to 3 days after myo-
cardial ischemia. The positive effect of DITPA seems to be
due to modulation of the inflammatory response (decrease of
creatine kinase, IL-6, and monocyte chemoattractant protein
[MCP-1; 117]. Other studies have shown an improvement of
hemodynamic and metabolic parameters, but no real symp-
tomatic benefits in patients [118, 119]. Clinical trials of
DITPA for congestive heart failure have been terminated in
the U.S. (see www.Clinical Trials.gov). A recent study evalu-
ating the efficiency of DITPA administration in four children
with monocarboxylate transporter 8 (MCT8) deficiency has
been published, and the results indicate that DITPA normal-
ized elevated serum levels of T3 and thyreotropic hormone,
with a decrease in sex hormone-binding globulins, heart rate
and ferritin; no adverse effects were reported. These data
suggest that DITPA does not require the MCT8 transporter
to enter the cells [120]. This is a very important result that
stimulates future research on thyroid hormones analogs.
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Bisphenol A (BPA), is a component of polycarbonate
plastics and epoxy resins widely produced in the world and
an environmental and human contaminant (Fig. 1). The
population exposed to BPA is at risk, particularly the high
levels found in pregnant women (umbilical cord and fetal
plasma) indicate that BPA can cross the maternal-fetal bar-
rier [121, 122]. BPA shows estrogen agonist/antagonist
properties, but is also able to bind to thyroid hormone recep-
tor, acting as hormone antagonist, by preventing the binding
of T3 [123]. It has recently been reported [124] that low con-
centrations of BPA are able to suppress thyroid hormone
transcription through a nongenomic effect involving integrin
avp3 in CV-1 cells lacking nuclear thyroid hormone receptor
and also TR-repleted 293T cells. BPA inhibits integrin
avp3/c-Src/TR-B1 signaling pathways that are normally me-
diated by T3 and T,4. This leads to inhibition of thyroid hor-
mone gene transcription through recruiting the N-CoR (nu-
clear corepressor) or SMRT (silencing mediator of retinoic
and thyroid hormone receptor) to nuclear thyroid hormone
receptor. Once more a cross-talk or interface between the
genomic and nongenomic effects of thyroid hormones has
been shown.

CONCLUSIONS

A comparison of the three tissues mainly discussed in
this paper, the nervous system, the immune system, and the
cardiovascular system, reveals that most of the nongenomic
mechanisms involved varies widely among the different cell
types. The main transduction pathways related to the nonge-
nomic effects of thyroid hormones involving either mem-
brane or cytosolic receptors are shown in Fig. 2. Essentially
it can be concluded that it is not possible to deduce mecha-
nistic aspects for one cell type on the basis of results ob-
tained for cells coming from another tissue or organ.

This review is an update of a paper previously published
in a special issue of IEMAMC on the nongenomic effects of
the steroid hormone receptors superfamily. The 2006 article
pointed to membrane ion transport systems as one target of
importance among nongenomic effects of thyroid hormones.
The research of the last 6-8 years has progressed in terms of
hormone actions in ion transport and other transport systems
but not only. The Na'/H" exchanger was shown to be acti-
vated in a nongenomic way by thyroid hormones in L-6
skeletal muscle cells in culture, exchanging the Na* ions
with protons, according to the concentration gradient and
with a 1:1 stoichiometry. This system may support recovery
from the acid pH due to muscle activity, but also can protect
nervous cells from ischemia. As to the Na"/K*-ATPase activ-
ity, we reported inhibition of this primary transport system
by thyroid hormones in chick embryo hepatocytes at differ-
ent levels of development. The increase in intracellular Na*
ions together with a stimulation of the amino acid uptake
System A represents an anabolic signal during development
[21, 22, 125]. A relationship between the Na'/K'-ATPase
and mTOR has been reported by several groups of investiga-
tors and also this effect appears to be very cell specific [126].
In 2003 Bassett et al. [127] published a table listing the non-
genomic effects known at that time. We here present an up-
graded version, Table 2, which shows how the research in-
volving the nongenomic effects of thyroid hormones has
gone ahead.
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Fig. (2). Nongenomic effects of thyroid hormones in the cell. A schematic summary of the nongenomic mechanisms of thyroid hormones
as described in the text for three different cell types. Panel A. Nerve cells. 1. In the sensory neurons Rohn-Beard (RB), T, stimulates the
voltage-dependent Na*-Channel through integrin avp3. Major inhibitors of the integrin are shown: RGD peptide, tetrac, anti-avp3 LM609. 2.
In pre-frontal cortex (PFC) slices T3 and T, inhibit the NMDA receptor /channel [45]. 3, 4. T5 inhibits the NMDA Na*-channel and GABA
receptor in hippocampal (hipp) neurons, probably through a direct interaction [49]. 5. Modulation by T3, T, of Protein Kinase A leading to
reorganization of the cytoskeleton [42]. The modulation of gene expression is only suggested by the arrow to the nucleus, involving thyroid
receptors (TR) and Deiodinases 1 and 2 (D1, D2). Panel B. Immune system cells and others. 1. T, through G-protein coupled receptor
(GPCR) potentiates the IFN-y antiviral action, and 2 activation of signal transducer and activator of transcription (STAT1)-a, by Janus Kinase
(JAK), that at the nuclear level can increase the antiviral state through binding to specific response elements (SRE) and IFN-y activated se-
quences (GAS) [11] 3. IFN- y activates PI3K/Akt/mTOR pathway [88]. 4. T, through integrin avB3 and activation of the MAPK pathway
may modulate transmigration and adhesion proper ties, at the nucleus it stimulates iINOS and protein synthesis [76, 129]. Panel C. Heart cells.
1. T3, T4 produce nongenomic effects also through the classical receptors located in the cytosol leading to activation of the PI3K/mTOR
pathway, important modulator of protein synthesis, contractility and cardioprotection [99-101]. 2, 3 T;,T4 and other small molecules such as
resveratrol (resv) activate the PISK/Akt/mTOR pathway through integrin avp3 [108], the hormones also through a GPCR receptor [99].
Modulation at the nucleus is indicated for hypoxic factor-1o (HIF-1a), the calcineurin-like protein ZAKI-4, a-Myosin Heavy Chain (a-MHC),
sarco/endoplasmic reticulum Ca®*-ATPase (SERCA2), and phospholamban (PLB), [6].

There are many questions remaining with regard to the
roles of nongenomic actions of thyroid hormones in nerve
cells as well as cardiac and striated muscle cells. The neuro-
protective and potentially cardioprotective effects of hor-
mone analogs encourage additional pharmacological explo-
ration, particularly where the cell surface receptor for the
hormone on integrin avf3 is involved. This receptor sepa-

rates hormone effects on ion transporters and on expression
of certain genes from the traditional and important nuclear
TR-dependent housekeeping functions. Hormone analogues
can be formulated to limit hormone analog action to avp3-
mediated resoponses. The potential importance of the mTOR
pathway as a central junction of hormone action is substan-
tial. We believe that inhibitors and activators of this pathway
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Table 2. Nongenomic effects of thyroid hormones. Selected nongenomic effects of thyroid hormones and tissues/cells where they have
been found. Explanation of symbols: 1 increase, | decrease, => give rise to:

myocytes

?

potential duration

Actions of thyroid Cell type/tissue Range Signal transduction Physiological function References
hormones or final effect
1 Red blood cells T,0.1nM Phospholipase C activa- | ? [130, 131]
Ca®*-ATPase 1 Skeletal muscle T3, T,0.1nM tion ? Muscle relaxation [132]
1 Myocardium T3, T,0.1nM Diastolic function [61]
2-deoxyglucose trans- 1 Rat thymocyte T;1nM Ca®/Adenylate cy- Increase of glucose [133, 134]
port clase/cAMP uptake
Actin polymerization 1 Astrocytes culture T4, rT310 nM Regulation of actin Neuron arborization, [35-39]
cytoskeleton through axonal transport, brain
laminin-integrin inter- | development
actions
lonotropic GABA re- Rat brain synaptoneuro- Ts, Ts Binding of the hormone | Inhibition of cell firing [43,52, 53]
ceptor somes uM range to the GABA receptor
Antiviral effect of IFN- | CV-1 fibroblasts, Ts, T, 100 nM MEK/MAPK/STAT1a | Potentiation of antiviral [11]
Y HeLa Cells effect
1 L-6 myoblasts T;1nM PKC/PI3BK/MAPK Recovery from acidosis [10, 16]
Na’/H* exchanger 1 Chick embryo T, 100 nM pathway, [Ca*]; 1 during muscle contractio [21, 22]
hepatocytes T3 T4 1nM PKC/PI3K/MAPK [Na'J; 1 + cell volume ¢
pathway, [Ca*]; 1 mitogenic signal
1 Alveolar epithelial T3 PI3K/Akt pathway, Src | Fluid clearance, recovery [15,19]
Na+/K+-ATPase cells 10 nM-10 pM kinase from respiratory
| Chick embryo Ts, Ta PKC/PKA/[Ca*]; syndrome [21, 22, 158, 159]
hepatocytes 0.1 nM-10 uM [Na'Ji 1 + cell volume 1 4
metabolism 1 = prolifer
tion 1
Amino acid transport 1 Chick embryo Ts, Ta PKC/PI3BK/MAPK Cell volume 1 = cell [21, 22]
System A hepatocytes 0.1-100 nM pathway metabolism 1= prolif-
eration 1
Angiogenesis Chick chorioallantoic T,0.1nM Integrin avB3/MAPK Angiogenesis stimula- [7]
membrane assay T5 100 nM activation tion
Cancer cell prolifera- Glioma cells T, Integrin avB3/MAPK Tumor cell growth [25]
tion 1-100 nM activation increase
V—dependent Na* Sensory neurons T,10 nM Integrin avB3/p38 MAP | Modulation of action [44]
current activation potentials in embryonic
nervous system
V,-dependent Na* Rat prefrontal cortex T,10 uM Direct interaction ? Modulation of neuronal [45]
current excitability
NMDA ionotropic Rat hippocampal neu- Ts, T, 10 uM Direct interaction ? Inhibition of firing [46, 47, 49]
receptor rons
GABA ionotropic re- Rat hippocampal neu- T;10 uM Direct interaction ? Inhibition of firing [51]
ceptor rons
Cell proliferation T lymphocytes T;1nM Integrin avf3 ? Modulation of T cell [8]
T, 100 nM IPKCC/ERK1/2/NF- proliferation
kB/iNOS
Cell migration THP-1 monocytes T,10 uM Integrin Stimulation of sponta- [62]
avB3/ROS/MAPK neous migration
Integrin
avB3/ROS/PI3K/Akt
IR K channel Guinea pig ventricular T31nM-1 pM Direct channel opening | Shortening of action [45]
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Table 2. Contd....
Actions of thyroid Cell type/tissue Range Signal transduction Physiological function References
hormones or final effect
Increased expression of | Human skin fibroblasts T3 10 nM TR-Bl = Nongenomic modula- [18]
ZAKI-4o PI3K/PKB/AKt/mTOR/ | tion of a genomic effect
p70S6K
Cardiac growth Rat cardiomyocytes T5;10 nM TRol = Physiological cardiac [99]
PI3K/PKB/Akt/mTOR/ | growth
p70S6K
Initiation of HIF-a gene | Human glioblastoma U- T;1nM avB3 integrin/ Src Nongenomic modula- [15,19]
transcription 87 MG cells kinase/ PI3K/ HIF-a tion of a genomic effect
gene expression
Cell proliferation Human lung carcinoma Ts, T, 100 nM avB3 integrin/ERKk1/2 Modulation of cell [135]
cells (NCI-H510A) cross—talk with ER-o. proliferation in lung
cancer cells
Increased expression of | HepG2 cells T;1uM avB3in- Nongenomic modula- [116]
SREBP-1 tegrin/PI3K/Akt/mTOR | tion of lipogenic genes
C-1
may represent a new class of drugs in several pathologi- SREBP-1 = Sterol-regulatory element binding protein-1
cal situations, such as cardiovascular hyper_trophy, immune T, = 3,3'5-L-triiodothyronine
system functions, tumor cell growth, CNS disease and injury
[128]. Several pharmacological therapies for brain injuries T, = L-thyroxine
and trau matic dlseage |_nvoIV|ng the mTOR pathway are at TAC = Transverse aortic constriction
present under investigation. ) o
TETRAC = tetraiodothyroacetic acid
ABBREVIATIONS TH = thyroid hormone
AMPA = y-amino-3-hydroxy-5-methylisoxazol-4- TR = Thyroid hormone receptor

propionic acid

ANP = Atrial natriuretic peptide

BPA = Bisphenol A

CNS = Central nervous system

DAG = Diacylglycerol

DITPA = 3,5-diiodothyropropionic acid

ECM = Extracellular matrix

GABA = y-aminobutyric-acid

LPS = Lipopolysaccharide

MAPK = Mitogen activated protein kinase
MCP-1 = Macrophage chemoattractant protein-1
MCT8 = Monocarboxylate transporter 8
NMDA = N-methyl-D-aspartic acid

NOS = Nitric oxide synthase

PI3K = Phosphatidyl-inositol-3-kinase

PKA = Protein kinase A

PKC = Protein kinase C

RGD = Arginine-glycine-aspartate

ROS = reactive oxygen species

rTs = Reverse-T;

SERCA = Sarcoplasmic reticulum Ca®*-ATPase
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